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ABSTRACT
Metastatic breast cancer significantly decreases patient survival, with the majority of deaths
caused by secondary metastasis. Cancer metastasis is a multi-step process that starts with the
detachment of a cancer cell from the primary tumor and ends with establishing a secondary tumor
at a distal location. This work's focus was to use an interdisciplinary microscale approach to study
how cancer cells respond to neighboring cells and how they migrate in response to chemical
gradients. Two distinct devices, a microfluidic device, and a 3D-printed plate insert, were
developed to perform co-culture studies to elucidate the impact of ASCs on cancer cell growth,
proliferation, morphology, and drug resistance. Biophysical studies using the microfluidic device
established that ASCs promoted triple-negative breast cancer cells (MDA-MB-231) to adopt a
more aggressive morphology and increased drug resistance. The 3D-printed insert was developed
to be compatible with either a 10 cm petri dish (to harvest for post-experimental molecular
analysis) or a 6-well plate (to quantify cell growth). The insert incorporated an agarose hydrogel
to create two distinct culture regions that were physically separated yet chemically connected,
facilitating the mass transfer of biomolecules. Control experiments resulted that there was no
difference in cellular morphology, cellular growth, or cellular viability between the plate insert
and controls results, while co-culture experiments of 231 and ASCs confirmed the ability of the
insert to co-culture. The third aspect of this thesis focused on the directed migration of cancer cells
to soluble chemical cues, also known as chemotaxis. Several approaches have been developed to
study the tactic movement of cancer cells in two-dimensional (2D) environments; however, these
studies cannot recapitulate the spatial and temporal cues encountered by cells in three-dimensional
(3D) environments. A three-channel microfluidic device was designed to generate a time-resolved
oscillating gradient of chemoattractants to study how cancer cells can break the spatial limitation
x

currently associated with the chemotactic response. The device allowed for creating the oscillating
gradient of extracellular chemicals to switch between ‘on’ and ‘off’ positions. The results
demonstrated that the chemotactic memory of 231 cells was regenerated by responding to the
oscillating gradient of 20% FBS when the gradient was re-created after erasing in the middle of
the experiment. This thesis presented microscale approaches that allow experiments to study
cellular interactions and long-range chemotaxis of cancer cells in the tumor microenvironment,
contributing to understanding the cancer treatment.
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CHAPTER 1. BACKGROUND AND SIGNIFICANCE
1.1 Overview of cancer
Cancer is defined as a class of heterogeneous lethal diseases caused by unregulated growth of
abnormal cells induced by genetic and epigenetic modifications in a specific part of the body with
the capacity to invade neighboring or distant organs by single or multiple detached cells.1 Cancer
is the second leading cause of death behind heart disease, linked to hundreds of different types of
malignant tumors, the most prominent types being breast, lung, prostate, colorectal, skin, and
stomach cancer.2 According to the estimations by the International Agency for Research on Cancer
(IARC), there were ~19 million reported cases of cancer and ~10 million deaths globally in 2020,
and the prevalence and mortality rates correlated with cancer were projected to rise to 29.5 million
new cases and 16.3 million deaths by 2040.3,4 While the mortality rate of breast cancer patients is
decreasing due to improved treatment options, it is estimated that 276,480 women (30% of cancers
in women) are expected to be diagnosed with breast cancer while the estimated death (15%) is
expected to reach 42,170 in 2020 in the United States.5,6 In the clinic, breast cancer patient
mortality is prominently linked to a secondary metastatic tumor resulting in ~90% of cancer deaths,
regardless of the type or origin of the tumor.7 Such high mortality rates motivate better approaches
for both diagnosis and treatment in order to improve prevention and treatment for metastatic
cancer. The heterogeneity of therapeutic strategies is strongly connected to the heterogeneity of
the tumor microenvironment (TME), in which cancer cells experience a multi-factor environment
that induces physical and chemical stress on cells. Heterogeneity across cellular phenotypes
results from the difference in both biochemical and physical cues in the TME, including ligands
(e.g., growth factors, hormones, and cytokines), mechanical properties of the surrounding tissue,
fluid shear stress, temperature, pH, and many other stimuli.8 Those properties can affect a number
1

of cellular outputs, including apoptosis, proliferation, migration, drug response, and
differentiation.
1.2 Tumor microenvironment (TME)
1.2.1 TME as the major source of tumorigenesis
The composition of the tumor microenvironment is highly heterogeneous, including cancer
cells, stem cells, healthy cells of the vasculature, leukocytes and other immune/inflammatory cells,
a dense layer of fibrous basal membrane, and the surrounding stroma comprised of mainly
fibroblasts and adipocytes, which contributes tumorigenesis through paracrine signaling (Figure

Figure 1.1. The tumor microenvironment. (A) The relevant cues including physico-chemical
surrounding components, mechanical components such as flow, confinement, topology, and
stretching, and chemical components including protein and other signals. (B-D) Other relevant
cues include neighboring cells, which migrate towards cancer cells, away from them, or induce
cancer cell motility changes. Other relevant cues include recruitment and activation of fibroblast
(B), and immune cells (C), and tumor–endothelial cell interactions that can lead to angiogenesis
(D). All these cues can affect the development of metastasis, through which cancer cells obtain the
ability to invade the circulatory system and other secondary sites leading to the spread of cancer.
Figure reproduced from Um et al.09
2

1.1).9,10 The non-cellular component of the TME is composed of various soluble growth factors
and insoluble proteins called the extracellular matrix (ECM). The ECM, a proteoglycan hydrogel
(that can absorb over 90% water)11 includes crosslinked collagen fibers, provides 3D structural
support via interstitial space occupied by fluids that provide a dynamic environment for the sensing
and transduction of biochemical and mechanical signals to cells.12 The ECM structure can be
remodeled by the combined effect of stromal and cancer cells during metastasis, promoting cell
migration.13 As cancer progresses, the surrounding microenvironment is remodeled by protease
activity, which recruits stromal cells, promotes an inflammatory microenvironment, enhances
tumor invasiveness, and stimulates metastasis.14,15 Fibroblasts, especially cancer-associated
fibroblasts (CAFs), are closely associated with cancer cells throughout all stages of tumorigenesis.
They exert functional and structural roles, including the production of growth factors, chemokines,
ECM proteins, and remodeling enzymes that promote angiogenic recruitment.15,16 Adipose stem
cells (ASCs) derived from adipose tissue in the TME has a significant role in creating inflammation
and increased tumor growth, leading to metastasis through stromal-derived growth factor 1 (SDF1α) and receptor CXCR4.17 ASCs trigger epithelial to mesenchymal (EMT) transition in cancer
cells and induce more aggressive phenotype via fat-derived enzyme adipsin.18
1.2.2 Hallmarks of Cancer
The hallmarks of cancer identified by Hanahan and Weinberg in the last two decades delineated
the survival and invasiveness of cancer cells, providing a strong basis for understanding cancer
biology. The ten hallmarks of cancer (shown in Figure 1.2) demonstrate the capabilities of tumor
growth and metastatic dissemination: (i) sustaining proliferation, (ii) evasion of growth
suppressors, (iii) avoidance of immune destruction, (iv) limitless replicative potential or replicative
immortality, (v) tumor-promoting inflammation, (vi) activating invasion and, (vii) sustained
3

Figure 1.2. Hallmarks of cancer. (1) Sustaining proliferative signaling, (2) evading growth
suppressors, (3) avoiding immune destruction, (4) enabling replicative immortality, (5) tumorpromoting inflammation, (6) activating invasion and metastasis, (7) inducing angiogenesis, (8)
genome instability and mutation, (9) resisting cell death, and (10) deregulating cellular energetics.
Adapted from Hanahan et al.2010.2
angiogenesis, (viii) activating invasion and metastasis, (ix) resisting cell death, and

(x)

deregulating cellular energetics.19,20 Half of these hallmarks are primarily regulated by paracrine
signaling in the TME with the secreted factors stimulating neighboring cells to express a specific
protein.21 Cellular communication via paracrine signaling is associated with proliferative
signaling, resisting cell death, angiogenesis, invasion and metastasis, inflammation, and immune
evasion. In the progression of tumorigenesis, angiogenesis is activated to supply nutrients in the
tumor cells by the stimulation of paracrine signaling of angiogenic factors, such as vascular
4

endothelial growth factor (VEGF) or fibroblast growth factor (FGF) in the formation of capillaries.
Paracrine signaling in the TME induces stromal cells together with breast cancer cells to secrete
growth factors such as bFGF (basic fibroblast growth factor) to induce EMT, which triggers the
cancer cells to invade the surrounding tissue initiating the metastatic cascade.22 Currently, there is
an incomplete understanding of cancer metastasis due to the personalized composition of these
various components. As such, metastasis is unpredictable due to the heterogeneity associated with
different cell types combined with the complex intercellular communication within the TME
between cancer cells and other associated cells leading to enhanced tumorigenesis.
1.2.3 Cancer metastasis is induced by the dynamic nature of the TME
The TME is further diversified when examining how cells, either a single cell or group of cells,
migrate from the primary tumor to distant tissue and into the vasculature, ultimately forming a
secondary tumor at a different position in the body, which is known as metastasis.23 The first step
in this process involves the EMT of cancer cells, which is associated with the loss of epithelial
properties and the acquisition of certain mesenchymal characteristics with increased motility,
invasiveness, and the ability to degrade components of the ECM.24 After EMT, metastasis
proceeds as follows: (i) cellular dissociation from the primary tumor, (ii) migration of cells away
from the primary tumor, (iii) intravasation of cells into the circulatory system, (iv) circulation of
cells through the vasculature, (v) adhesion of cells to the endothelial lining and extravasation
through vascular walls to a distant organ, (vi) formation of a secondary tumor, and (vii) induction
of a new blood vessel through the angiogenesis process to promote the growth of a secondary
tumor in the new location, termed as colonization (Figure 1.3).12,20 While numerous studies have
provided significant insight into the multiple steps involved in metastasis, there is no
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Figure 1.3. Carcinoma cell dissemination in Metastasis. The disseminated cell enters into the
bloodstream, secretes bio-factors, and exposed to the physical shear stress from the circulation
while gains immune protection from neutrophils, metastasis associated macrophage (MAMs) and
other associates. The combined effects of those interactions stimulate the transendothelial
migration (TEM) of carcinoma cells to a secondary location. Reproduced from Wirtz et al. 2011.12
comprehensive understanding of what regulates and governs cellular behavior at each of these
steps. A recent study using a mouse model has been demonstrated that a metabolic enzyme known
as asparagine synthetase is associated with the progression of metastasis, which described one
potential mechanism of metastasis regulated by amino acids, where knocking down asparagine
synthetase reduces metastasis or vice versa.25 In metastasis, the EMT program regulation can be
partially explained by single-cell variation, which involves changes in gene expression most
prominently governed by the E-cadherin/ N-cadherin switch and transforming growth factor (TGFβ) signaling.26 There are several routes by which metastasis can occur, including trans-coelomic,
lymphatic, and hematogenous spread, with the latter being the most common example of
metastasis. The metastatic route depends on the primary tumor; for instance, breast cancer cells
6

prefer the lymphatic system for spreading.27 One study on colorectal cancer demonstrated that
metastatic lymph nodes spread 35% of distant metastasis while the hematogenous route spread
65%.28 Cell dissociation from solid tumors is strongly associated with intercellular communication
with the surrounding population in the TME that must be understood to discover neoadjuvant
therapeutics (e.g., chemotherapy) in treating cancer.
1.3 Cell-to-cell communication drives cancer progression
Cell-to-cell communication is an essential phenomenon in multicellular organisms during the
various physiological processes, including development, wound healing, and disease
progression.29 Cells communicate with each other by short-range or long-range chemical signaling.
The signaling molecules (e.g., growth factors, cytokines) secreted by the transmitter cell diffuse
into the extracellular space where it is detected by neighboring cells expressing the corresponding
cell surface receptor to bind the ligand and interpret the signal. This cellular communication can
result in changes in the neighboring cells' transcriptional and phenotypes by upregulating and
down-regulating specific proteins in signal transduction pathways.30 Paracrine signaling is the
most common and typically occurs within the short distance of signals. Several hallmarks of
cancers are associated with indirect paracrine signaling in cell proliferation, cell death, immune
evasion, invasion and metastasis, and angiogenesis by impacting multiple signaling pathways.31
The paracrine factors include growth factors (e.g., EGF and FGF) or cytokines (e.g., Interleukins(IL) 6 and 8) in the TME that promote cell proliferation, invasiveness and create inflammation to
cancer cells.32–34 The signal transduction pathway activated by these ligands results in receptor
transphosphorylation, which initiates numerous downstream intracellular signaling cascades,
including changes in protein and gene expression or post-translational modifications (Figure 1.4).

7

Figure 1.4. Common cell signaling pathways in cancer progression. It responses to increased
signaling from cell surface receptors transcription of genes encoding of pro-survival proteins and
positive regulators of cell cycle progression is increased resulting in the cell adopting a more
cancerous phenotype. Adapted from Harvey et al. 2019.36
1.3.1 Cancer-associated signaling: Intercellular communication of breast tumor cells and
adipose-derived stem cell
Cancer progression requires upregulation or downregulation of multiple signaling pathways
initiated by the transmembrane receptors (e.g., EGFR) that induce changes (most commonly
phosphorylation) of intracellular signaling molecules (e.g., phosphoinositide-3 kinase (PI3K) and
protein kinase B (also known as AKT), which further alter activation of signaling ligands and
transcription factors (e.g., Wingless related integration site (WNT) ligand).35,36 The dysregulation
8

of these signaling pathways is associated with different types of cancers by enhancing cellular
proliferation, evading death, and increasing drug resistance. Figure 1.4 shows that a cell will
respond after transcription and translation in the nucleus through the MAPK and other signaling
pathways activated by transmembrane receptors (e.g., fibroblast growth factor receptor (FGFR)
and insulin-like growth factor receptor (IGFR)).37
1.3.2 Dynamic co-culture of breast cancer cells and adipose-derived stems provide new
insight into how cancer cells manipulate the TME
Cellular signaling has been studied extensively by scientists, clinicians, and engineers, as it is
a critical component in developing many diseases, including cancer. It is known that cancer
progression and resistance to therapeutic intervention can arise from intercommunication between
cancer cells and the surrounding non-cancer cell populations in the TME.38 There is significant
interest in gaining a complete understanding of the mechanisms of intracellular signaling that drive
biomolecule secretion and reception as recent studies have found that cells are phenotypically and
genotypically different when cultured alone versus cultured alongside different cell types.15,39 To
better understand this paradigm and identify novel neoadjuvant therapies, the continual dynamic
co-culture of cancer cells and other cells found in the TME is required. One potential candidate is
adipose-derived stem cells (ASCs) for their role in the TME in supplying cytokines. The impact
of ASCs on cancer cells was studied by co-culturing ASCs with the ER+ (estrogen receptor) breast
cancer cell line MCF7.40 Paino and colleagues demonstrated that a highly vascularized tumor was
formed by angiogenesis triggered by ASCs in 21 days of co-culture. The findings were significant
for the adipose tissue autografting in patients with cancer. Sabol et al. further examined the
relationship between MCF7 cells and ASCs from obese patients.17 They demonstrated that ASCs
from obese patients stimulated tumor growth and metastasis in ER expressing breast cancer due to
increased leptin secretion. Interaction of ASCs and breast cancer was also studied by Sakurai et
9

al. observed similar results. They found a calcium-binding protein (S100A7) was upregulated sixfold in MCF7 cells when co-cultured with ASCs.41 The S100A7 was possibly responsible for cell
proliferation and migration in cancer cells with the interaction of ASCs. These dynamic co-culture
studies were performed using various approaches, including conditioned medium, Transwell
inserts (Boyden Chamber, Transwell assay), or microfluidic devices.42–44
1.3.3 Current approaches to perform dynamic co-culture
The conditioned medium technique, where the media is pulled from one cell type and placed
on another cell type, is limited to one-way communication, severely lacking dynamic interactions
between the two different cell types. The most commonly used technique for dynamic co-culture
is the Transwell insert, which uses a polycarbonate membrane that fits into traditional cell culture
well plates to create two chambers for co-culture. The Transwell insert also has several
weaknesses, including infiltration of the cells from the top chamber to the bottom chamber, an
inability to image cells on the insert using light microscopy, and low cellular yields for postexperimental molecular analysis.45 Microfluidic devices for co-culture applications have become
an attractive technology, which overcomes several limitations of the Transwell insert. These
include precise control of the cellular microenvironment, low volume of reagents, imaging
capability with fluorescent or light microscopy during experiments, and single-cell analysis.
Both Transwell inserts and microfluidic approaches have been used to study cell-to-cell
communication to provide new insight into how intercellular communication can drive various
disease progressions. They have been used to understand cellular interactions in many severe
diseases affecting the nervous system, the digestive tract, the intestine, and the TME to provide
new insight into cell-to-cell communication. In intestinal microbe-host interaction studies, the
Transwell insert acts as the epithelial barrier for the indirect cellular interaction. The cellular
10

interaction of bacteria and host cells in the gut microenvironment is of great importance for good
health; otherwise, dysfunctional communication would compromise immune responses.46
Bermudez et al. demonstrated that immune cells (Dendritic cells) responded to probiotics (L.
paracasei) and pathogens (Salmonella) differently in a co-culture study using a Transwell where
intestine epithelial cells (IEC) grown on the membrane.47 These studies were limited by short
periods due to their inability to infuse the system with fresh media and remove waste, a common
challenge with batch culture conditions. Microfluidic devices can overcome this limitation by the
continual perfusion of fresh media combined with the removal of spent media/cell waste by acting
as a continuous system to provide a more robust dynamic study and enhanced capabilities to mimic
human host-microbe interactions on-chip.48–50 Jalilii et al. developed a microfluidic device capable
of creating a physiologically relevant hypoxic environment by generating an oxygen gradient that
allowed for the long-term co-culture for in vitro experiments using human intestine cells with
aerobic and anaerobic gut microbes.49 Two different types of cells grown in two channels separated
by collagen hydrogel enabled crosstalk between cells. They also observed a hypoxia gradient in
the chip, which increased the intestinal barrier function in anaerobic cultures. This device may be
used as a tool to study the human gut-microbiome relationship to discover drugs and therapeutics.
Co-culture studies have also provided new insight for both the TME and cell migration using the
Transwell assay, playing a key role in supporting new findings in cancer biology, including how
cancer cells respond to therapeutics. Szot et al. studied angiogenesis sprouting via paracrine
signaling between triple-negative breast cancer cells (MDA-MB-231) and telomeraseimmortalized human microvascular endothelial cells (TIME) co-cultured in collagen hydrogel in
a Transwell assay. They found that the co-cultured endothelial cells exhibited significantly higher
growth rates coupled with enhanced invasive angiogenic sprouting.
11

The open surface microfluidics approach is a newer approach to perform co-culture studies. It
has several advantages, including the simplicity of fabrication and easier accessibility for both
imaging and media exchange.51–53 Alvarez-Garcia et al. developed a multi-well device consisting
of a series of wells capable of allowing fluid or gel overlay to facilitate cellular communication
between different types of cells.51 The open multi-culture platform was used to study multiple
types of cell-to-cell interactions using breast cancer cells and immune cells (including MDA-MB231, NIH-3T3, and THP-1 cells). The device showed a promising platform for studying complex
multi-cellular interactions. One limitation of this approach was the faster evaporation of culture
media, which limited the duration of the co-culture studies. Another effort by Berry and colleagues
using an open microfluidic device by patterning a hydrogel layer-to-layer fabrication in a well
plate to study soluble factor signaling.54–56 The final form of that platform was an injection- molded
microfluidic well plate inserts for user-friendly co-culture applications that allowed for cellular
visualization by light microscopy. However, the device fabrication was complicated and only
allowed for on-chip analysis of the cells.
1.4 Chemotaxis: Cell migration in response to extracellular chemical gradients
Cell migration by chemotaxis is governed by the presence of extracellular gradients of
chemokines and growth factors recognized by transmembrane cell-surface receptors that allow the
cell to orient itself and ultimately migrate up (or down) the chemical gradient.57 Chemotaxis is
defined as the directional movement of cells towards higher concentrations of soluble chemical
cues.57 It is one of the most well-studied phenomena of the hallmarks of cancer governing
numerous biological systems.58 Chemotaxis of cancer cells in the TME is the critical first step in
cell dissociation and dissemination from the primary tumor and migration to the distant organs
during metastasis. Chemotaxis plays a vital role in other physiological and pathological processes,
12

including organ development, embryogenesis, and wound healing.59–61 For instance, immune cells
respond to a chemoattractant gradient during the inflammatory process and migrate up the gradient
to reach the infection site to remove dead and foreign cells to clear the wound area.62 Modes of
directional cell migration include amoeboid migration, mesenchymal migration, or a combination
of both forms occurring in both single cells or as a collective of multiple cells.63
1.4.1 Directed cell migration in a 3D microenvironment
In vivo cell migration occurs in a 3D environment in the ECM or a one dimensional (1D)
environment along a line of ECM fibrils. Moreover, the cellular environment of the ECM has also
been known to play an essential role in regulating cell division and cell behavior, including
directing cell migration by reorienting cell morphology in 3D environments.64 2D cell migration
occurs on a flat surface, which rarely occurs in the body.65,66 In the study of cellular migration,
most efforts have utilized model 2D systems that fail to replicate true in vivo conditions. The most
common approaches used to study 2D migration include Transwell assays, scratch assay, Boyden
chambers, Dunn slide chambers, micropipettes, and microfluidic devices.67 In recent years, there
has been an increase in the number of microfluidic devices capable of studying cell migration in a
3D biologically relevant environment, allow for precise control in simulating physiological
conditions and are compatible with most microscopy techniques to directly monitor cell
movement.68 Truong et al. studied the 3D invasion of SUM-159 (a type of breast carcinoma cell)
when the cells were exposed to an EGF gradient. They utilized a microfluidic platform and
identified changes in cell morphology and proliferation when exposed to the EGF gradient. They
also found that the cancer cells exhibited enhanced invasiveness when they were co-cultured with
cancer-associated fibroblasts (CAFs).35,36 The invasion of MDA-MB-231 cells through the ECM
and endothelial cells was studied in a microfluidic system that mimicked the invasion and
13

migration behavior during metastasis. It showed slower motility of cancer cells in dense ECM
using migration speed and fluorescence image analysis as migratory parameters.35,37 Similarly,
Hockemeyer et al. investigated cell-to-cell interactions in a 3D environment in a microfluidic
device using CAFs and MDA-MB-231 cells. They found that the MDA-MB-231 cells migrated
more prominently in the presence of either SDF-1α or CAFs, which suggested that CAFs cocultured with breast cancer cells produced SDF-1α.31 Kim et al. also observed the enhanced 3D
migration of MDA-MB-231 cells in response to combined gradients of SDF-1α and EGF in a
microfluidic device, which emphasized the importance of the collective role of cytokine and
growth factor release in the tumor microenvironment.35,38
1.5 FSS in the vasculature can alter the cellular phenotype and induce genetic mutations
While the effects of biological and chemical factors on tumor cell metastasis have been studied
extensively, the role of physical factors needs to be explored in greater detail, especially the
mechanism by which hemodynamic fluid shear stress (FSS) affects phenotypic and genomic
signatures of cancer cells. After cancer cells (commonly referred to as circulating tumor cells or
CTCs) intravasate into the circulatory system, they are exposed to fluid shear stress (FSS), which
has been suggested to induce genetic mutations and cause them to adopt a more aggressive
phenotype.72 Cells experience a range of FSS values in the circulatory system due to blood flow
and the inner diameter of the blood vessels. The velocity of blood flow determines FSS through
the vessel and applies mostly to the arterial vessels' inner wall. Cells experience interstitial flow
with an average shear stress of 0.1 dyne/cm2 within a tumor; however, the average shear stress
ranges from 10 to 60 dyne/cm2 at the arterial wall and 1-6 dyne/cm2 in veins.73,74 Currently, there
is no complete model of how FSS exposure affects single cancer cells. FSS has been found to elicit
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a strong response in CTCs, such as acquiring cancer stem cells (CSC)-like properties, which allows
the CTCs' ability to self-renew and differentiate much like healthy stem and progenitor cells.
The role of FSS on CTCs is significant in cancer metastasis as they constitute the
intermediate state between the primary and secondary tumors. Microfluidic devices can play a key
role in trapping and studying single CTCs isolated from a mixed population under fluid shear
stress. Our group's prior work developed a microfluidic device capable of trapping and isolating
single CTC cell lines followed by exposing them to physiologically relevant and precisely
controlled magnitudes and durations of FSS.75 Two model breast cancer cell lines, MDA-MB-231
and MCF7, exhibited enhanced deformation and an increasingly heterogeneous response when
challenged with increasing magnitudes and durations of FSS.
1.6 Overview of the research
This thesis is divided into three specific aims that focus on three different aspects of breast
cancer cells in the TME: (1) characterizing cell-to-cell communication of two distinct cell lines
using a microfluidic device, (2) developing a novel approach to study cellular co-culture at a largerscale using a 3D-printed plate insert compatible with PCR and western blotting, (3) performing a
biophysical analysis on the directed 3D cancer cell migration in response to time oscillating
chemical gradients.
Chapter 2: “Evaluation of intercellular communication between breast cancer cells and
adipose-derived stem cells via passive diffusion in a two-layer microfluidic device.” This study
involves developing a two-layer (PDMS and agarose) microfluidic device to investigate cell-tocell communication by simultaneously co-culturing breast cancer cells and ASCs. The device was
used to assess how the presence of a different cell type alters the proliferation, morphology,
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altering cell orientation, and drug resistance to cancer cells. This chapter was published in a peerreviewed journal (Lab on a chip) and adapted herein.76
Chapter 3: “Fabrication and characterization of a 3D-printed plate insert for dynamic coculture applications.” The technology in Chapter 2 allowed for the study of cancer cells at a small
scale with only the ability to perform terminal immunostaining. This chapter focuses on
developing a new technology compatible with traditional methods to study cancer cell signaling,
such as PCR and western blot analysis. The 3D-printed plate insert is coupled with an agarose
hydrogel to allow for the dynamic co-culture of two different cell types in 10 cm plates and 6 well
plates. The design approach is user-friendly, affordable, and allows for dynamic and tunable coculture conditions while maintaining similar growth patterns compared to controls in tissue culture
plastic (TCP). The 3D-printed plate insert allowed for the independent harvesting of several cell
types in numbers sufficient for downstream PCR and Western Blot analysis to identify changes in
the genotypic and phenotypic signature of cancer cells.
Chapter 4: “A microfluidic approach to quantify the directed 3D migration of cancer cells
in response to oscillating chemical gradients.” Numerous microfluidic approaches have been
developed to study cancer chemotaxis; however, nearly all of these studies use stable gradients.
However, cancer cells are exposed to time-varying oscillating gradients in the body, which can
potentially bias the migratory response. In this study, a microfluidic approach was utilized to
generate time-varying oscillating chemical gradients to elicit a cellular response during 3D
chemotaxis in triple-negative breast cancer cells. A biophysical analysis was performed on
individual cells to evaluate cellular memory during chemotaxis when cells were exposed to ‘on’
and ‘off’ gradients. This directed migration was performed by calculating the forward migration
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index (FMI) and directness of individual cells. This analysis also focused on the effect of
extracellular gradient on cellular decision making during chemotaxis.
The findings from this research will help to increase our fundamental understanding of
intercellular interactions in cancer microenvironment and metastasis, including but not limited to
an understanding of the biology, biophysics, and biochemistry of metastasizing cancer cells in a
well-controlled model system. The microfluidics and 3D-printed plate insert technologies
developed here have the potential to serve as diagnostics tools to predict the likelihood of cancer
metastasis in patient-derived samples. Moreover, there is the possibility of using the results
obtained in these studies and the devices as a new avenue for personalized diagnostics. This work's
long-term potential is to reduce the number of patients who die each year of breast cancer due to
secondary metastatic tumors.
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CHAPTER 2. EVALUATION OF INTERCELLULAR COMMUNICATION
BETWEEN BREAST CANCER CELLS AND ADIPOSE-DERIVED STEM
CELLS VIA PASSIVE DIFFUSION IN A TWO-LAYER MICROFLUIDIC
DEVICE 76
2.1 Introduction
Cancer cells coexist in the TME with stromal cells (e.g., fibroblasts or endothelial cells), ASCs,
and immune cells (e.g., macrophages) that communicate with each other by secreting cytokines,
hormones, and growth factors that traverse the TME via passive diffusion, creating a complex,
diverse, and heterogeneous environment.1,20 ASCs are the critical component of the breast tumor
microenvironment, and they are well-documented mediators of breast cancer progression that
stimulate tumor growth, metastasis, and drug resistance by secreting excess growth factors,
cytokines (adipocytokines, IL-6, TNFα).17,77,78 Inflamed adipose tissue recruits increased
macrophages, which are associated with pro-inflammatory cytokines while expressing genes
associated with cancer development, such as secreted phosphoprotein1 (SPP1) and matrix
metalloproteinase (MMP9).79 The crosstalk between cancer cells and ASCs utilizes paracrine
signaling that induces both phenotypic and genotypic alterations in both cell types.30,41,80 ASCs
can also create oxidative stress in the TME by synthesizing reactive oxygen species (ROS),
resulting in DNA double-stranded breaks and reduced repair of damaged DNA, leading to
increased mutations while secreted adipokines function as an encounter with the oxidative stress,
eventually increasing chemoresistance.4,5 Gaining a comprehensive understanding of the
intercellular communication between ASCs and breast cancer cells is of vital significance for the
diagnosis and treatment of breast cancer patients. This needs to be further investigated by the
continuous dynamic co-culture of cancer cells and ASCs.
Many in vitro studies have been conducted to understand cellular communication with disease
progression, including intercellular communication of stem cells and cancer cells using the
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Transwell assay. A Transwell assay creates two distinct culture chambers separated by a semipermeable insert composed of a porous membrane to physically separate two different cell types
while allowing for indirect communication of soluble chemicals (e.g., cytokines and growth
factors) via passive diffusion.81,82 This approach has facilitated numerous co-culture studies;
however, it has several limitations, including (i) its inability to monitor the cells during the
experiment by light microscopy, (ii) Infiltration of the cells from the top chamber into the bottom
one, and (iii) no infusion of fresh growth media into the system, resulting in a batch system with
decreasing amounts of nutrients and an accumulation of waste as the experiment progresses.
Recently, microfluidic devices have become an attractive alternative to perform dynamic coculture studies.29,83 Microfluidic devices have several advantages, including their (i) ability to
precisely control the physical and chemical microenvironment, (ii) compatibility with light and
fluorescent microscopy techniques, (iii) reproducibility, (iv) negligible impact on cellular viability,
(v) capability to incorporate different biomaterials resembling physiological 3D matrices, and (vi)
dramatic reduction in reagent volume.75,84,85 Several types of microfluidic devices had been
reported to study cell-to-cell communication, including cell trapping and pairing with or without
hydrodynamic trapping in a microfluidic channel, droplet-based cell encapsulation, microwell
array culture systems, acoustic wave-based co-culture, and digitally equipped microfluidics
(electrophoretic assays) to interrogate interactions of microorganisms and mammalian cells.86–91
These different types of microfluidic co-culture devices have been summarized in several recent
review articles.81,84,85,92–94 Hydrodynamic cell trapping and pairing with other cells on-chip is a
popular method to study cell-to-cell communication at the single-cell level; however, it is
complicated, produces shearing force, and lacks efficiency. Though these devices showed higher
trapping efficiency and long term culture capability, there was a limitation in media supply when
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both cells require distinct media for their growth since the channel design permitted only a single
media. Cell co-culture using the hydrodynamic technique is a promising approach to overcome the
batch culture limitations; however, it requires complex fluidic control schemes to ensure cell
isolation and media infusion.95 Another co-culture method that is ideally suited for single-cell
studies is based on droplet encapsulation. This method is still limited by low overall cell numbers
in a single droplet associated with low nutrient-to-cell mass transfer. Microfluidic droplet trapping
arrays possess the potential for analyzing cells at the single-cell level; however, due to the small
size of the droplets, they are limited in their ability to perform long-term co-culture experiments.
Microwells allow for gravity-based settling of cells where the well size can control the number of
cells and result in a greater degree of intercellular interactions by direct contact; however, it lacks
dynamic control of the system and can result in non-steady culture conditions (for the devices
without flow) or shearing effects(for the devices with the flow).92 Electrophoretic immunoassays
integrate electrochemical features with on-chip microfluidic channels to monitor cell secretions
due to changes in the biophysical properties of the medium. However, device setup and operation
was complex, expensive, and did not allow for long-term co-culture experiments. The key pitfall
in these microfluidic devices was the formation of shearing forces by the media flow. Addressing
these flaws, an interesting possibility would be to develop a device that allows for continuous
infusion of media and removal of waste from culture channels but still allows for the passive
diffusion of cytokines and growth factors between two different cell types.
An alternative approach to microfluidic co-culture incorporates hydrogels to allow for passive
diffusion of biomolecules and indirect cell-to-cell communication. Thomsen and co-workers
developed an agarose hydrogel-based microwell co-culture platform where breast cancer cells
(MDA-MB-231) were co-cultured with human mesenchymal stromal cells for a long term static
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experiment.96 They demonstrated the enhanced proliferation of cancer cells in the presence of
mesenchymal stromal cells, verifying the exchange of secreted biomolecules between both types
of cells through agarose hydrogel while cells remained in the agarose microwell as aggregates.
The device was capable of making indirect cell communication while cells were restricted to the
confined space of a static culture condition. Similarly, Liu and co-workers co-cultured stromal
cells, fibroblasts, endothelial cells, and macrophages separately by incorporating a hydrogel barrier
in a microfluidic device to simulate the tumor microenvironment.97 The incorporation of hydrogels
into fluidic channels has offered the greatest promise with microfluidic co-culture applications. In
this work, a microfluidic co-culture device was developed to allow for the flow-free, indirect
intercellular communication between ASCs and triple-negative breast cancer cells (MDA-MB231) under steady-state conditions. The device consisted of four parallel fluidic channels imprinted
into a polydimethylsiloxane (PDMS) replica, which was placed on top of an agarose slab, with the
entire system encased in a Plexiglas chamber. The main design principle of the device is the high
permeability of the bottom layer of agarose, which allows for the rapid and facile diffusion of
small molecules and proteins. The two outer ‘flow’ channels were continuously supplied with
culture98,99 media, while the two inner “flow-free” channels were used to culture both cancer cells
and ASCs. As a result, biomolecules would passively diffuse perpendicular to the direction of flow
across the entire length of the culture channels to (i) continually supply cells with fresh media, (ii)
remove cellular waste, and (iii) allow for the passive diffusion of paracrine signals between two
different cell types. A similar approach has been used to study the chemotactic movement of
neutrophils and bacteria in a three-channel microfluidic device in which the middle channel was
for cell seeding, and the outer channels were for media infusion. Cheng et al. developed the
agarose-based microfluidic device for the diffusion of biomolecules to study the chemotactic
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response of E. coli and HL-60 cells in separate experiments.100 This device was for the study of
cell migration and did not show the capability for dynamic co-culture applications. In this
presented work, dynamic co-culturing of adherent cell lines on agarose in the four-channel device
required cell attachment on the agarose surface, which was facilitated by treating the agarose with
cationic poly-d-lysine to induce the adhesion of the negatively charged mammalian cell
membrane.101 The device was compatible with light microscopy to allow for the regular collection
of images to track cell growth, orientation, and morphology. Additionally, the device allowed for

Figure 2.1. Design of the microfluidic co-culture device. (A) The flow-free microfluidic device
consisted of four fluidic channels imprinted into a PDMS slab placed on top of 3 wt.% agarose.
The device contains four parallel channels: the two outermost ‘flow’ channels are constantly
supplied with media while the two innermost “flow-free” channels are used to culture the MDAMB-231 cells and adipose stem cells. All channels are 600 µm wide with a contact length of 10
mm and a height of 150 µm. The spacing between the media channels and the culture channels is
450 µm, while the spacing between the two cell culture channels is 200 µm to facilitate cellular
crosstalk. (B) Image of a completely assembled device with agarose stained red for enhanced
visualization. (C) Representative image of MDA-MB-231 cells (bottom) and ASCs (top) cultured
in the device after 72 hours.
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on-chip viability staining and immunostaining. Each of these features offered by the presented
device possesses the suitability for long term co-culturing of different cell lines comparing to the
available devices in literature. MDA-MB-231 cells cultured in the presence of ASCs demonstrated
enhanced growth and proliferation and an altered, more aggressive morphology, and they were
found to polarize towards the ASCs. Moreover, cancer cells, when cultured with ASCs, were found
to exhibit enhanced resistance and greater viability when exposed to Paclitaxel. These findings
suggest a potential role of ASCs in both cancer progression and drug resistance.
2.2 Materials and methods
2.2.1 Microfluidic device design and fabrication
The microfluidic device contained two separate layers: a bottom layer of 3% (w/v) agarose
(Invitrogen, USA) to facilitate chemical diffusion and a top polydimethylsiloxane (PDMS, Sylgard
184, DOW) layer into which four parallel fluidic channels were imprinted (Figure 2.1A). The
PDMS slab consisted of four 600-μm-wide parallel channels with a total operating length of 10
mm and a channel height of 150 μm. The outermost channels were designed to accommodate flow
to perfuse the system with fresh media continually so that the device could reach an approximate
steady state. The innermost channels were designed to be “flow-free” so that the cells did not
experience any direct shear but could still be exposed to fresh media and cell-to-cell
communication. The outermost channels were spaced 450 µm from the innermost “flow-free”
culture channels. The two culture channels were spaced 200 µm apart to allow for facile diffusion
of excreted factors for the two cell lines to communicate with each other. The PDMS and agarose
components were fixed in place using two rectangular pieces of Plexiglas (McMaster-Carr) held
together by four screws at the four corners of the device (Figure 2.1B). Windows were cut out of
the top layer of Plexiglas to allow for the insertion of tubing into the device. The thickness of the
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agarose layer was ~5 mm, and the thickness of the PDMS layer was ~5 mm, as measured by a
caliper both to allow for greater reproducibility and to ensure that the two layers remained fluid
tight. The top PDMS layer was fabricated using a combination of soft lithography and PDMS
replication. The geometry was designed in AutoCAD (Autodesk, USA) to generate a transparency
mask (CAD/Art) of the four fluidic channels. A silicon master wafer was fabricated by depositing
SU-8 2050 (MicroChem), a negative photoresist polymer, onto a 3” silicon wafer (University
Wafer) using a spin coater (WS-650MZ-23NPP, Laurell, USA) to generate a final channel height
of 150 μm by utilizing a two-step process. First, a 75-µm-thick layer of SU-8 2050 was deposited
onto the wafer, followed by baking at 65°C and 95°C for 10 min and 20 min, respectively. Next,
the second layer of SU-8 2050 (also 75-µm-thick) was deposited on the wafer, followed by baking
at the same conditions. After the wafer was cooled to room temperature, the transparency mask
was placed on top of the wafer, followed by exposure to UV light (1.4 mW/cm 2) for 128 seconds
in a custom-built UV exposure set-up using a B100-AP lamp (VWR). The wafer was baked at
65°C for 15 min and 95°C for 2 h after UV exposure. After cooling at room temp for 30 min, the
SU-8 developer (MicroChem) was used to remove all uncrosslinked SU-8. The wafer was hardbaked at 150°C for 1 hour to increase durability and then was treated with a silane (tridecafluoro1, 1, 2, 2-tetrahydrooctyl trichlorosilane, Sigma-Aldrich, USA) in a vacuum to deposit a thin layer
on the surface of the wafer, which facilitates detachment of the PDMS replicas. PDMS replicas
were generated by mixing 25 g of the base and 2.5 g of the curing agent in a 10:1 ratio followed
by degassing in a vacuum chamber to create a bubble-free mixture. This PDMS was poured on the
silicon master wafer and was allowed to cure for at least 12 hours at 65°C. Cured replicas were
removed from the wafer and individual devices were cut out with an X-Acto knife, followed by
punching the inlet and the outlet ports using a blunted 18-gauge needle.
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2.2.2 Computational simulations of mass transfer in the microfluidic device
COMSOL simulations were performed to model the chemical and oxygen mass transfer within
the device to (i) ensure the cells were supplied with sufficient media, (ii) confirm that the soluble
factors released from cells were able to diffuse across the “flow-free” channels, and (iii) validate
that the oxygen was able to diffuse into the culture channels, thus avoiding hypoxic conditions.
The mass transfer of the media into the culture channels was simulated in the two outermost flow
channels to mimic the constant infusion of growth media while there was no flow in the two
innermost, “flow-free” culture channels. The Reynold’s number was calculated to be <10 in the
outermost flow channels and was considered to be that of an isothermal and incompressible
Newtonian liquid with the properties of water (density 995.6 kg-m−3, viscosity 7.97 × 10−4 Pa-s).89
The general steady-state diffusion–convection equation was solved by using the velocity results
from the laminar flow to determine the concentration gradient of media and mass transfer. No-slip
boundary conditions and a two-dimensional device profile were assumed. The porosity of 3%
(w/v) agarose was approximated as 0.97.102 Diffusion of growth factors and other biomolecules
through the agarose slab was approximated using the diffusion coefficient for SDF-1α (a model
growth factor) in 3% (w/v) agarose set, which was 110 μm2/s.103 All simulations approximated an
initial concentration of the biomolecule as 140 nM in the outer channel. The fluid material was
considered as water and a flowrate of 15 μL/min in the outermost channels was specified for
optimum mass transfer. A similar approach, with the same assumptions, was taken when modeling
the mass transfer across the two cell culture channels, with the exception that these channels were
simulated with no flow. For the oxygen mass transfer simulations, the height for oxygen transfer
to the cells on the agarose layer was approximated at 5 mm. The top Plexiglas was cut to have a
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10 mm by 3.5 mm window above the culture channels to allow for better mass transfer of oxygen
into the device.
2.2.3 Cell culture and reagents
Triple-negative breast cancer cell line MDA-MB-231 was acquired from ATTC. Cells were
cultured with Dulbecco’s modified eagle’s medium (DMEM, Corning) and supplemented with
10% v/v HyClone Cosmic Calf Serum (VWR Life Sciences Seradigm), 1% MEM Essential Amino
Acids (Quality Biological Inc.), 1% MEM Non-Essential Amino Acids (Quality Biological Inc.),
and 50 ng/mL insulin (Sigma- Aldrich, ST. Louis, MO). Cells were grown at 37°C with 5%
humidified CO2 and sub-cultured every three days. Abdominal human adipose-derived stem cells
(ASCs) were purchased directly from LaCell (New Orleans, LA), and these cells were grown in
α-minimum essential medium (α MEM; Gibco, NY), 10% fetal bovine serum (FBS, Atlanta
Biologicals), and 1% Antibiotic-Antimycotic (Anti-Anti, Gibco). ASCs were split at 60-70%
confluence. The stem cell donor was Caucasian, female, and 24 years old with a body mass index
(BMI) of 28. The stem cell media was changed every third day.
2.2.4 Assembly and operation of the two-layer microfluidic device
The top Plexiglas layer was placed over the PDMS replica, followed by pre-plumbing the inlet
and outlet ports with Tygon tubing (0.5588 mm, Cole Palmer) to prevent leakage during
experimentation. The bottom agarose layer was prepared by pipetting 12 mL of 3% (w/v) agarose
into a 60 mm petri dish and was allowed to solidify for a minimum of 1 hour. The agarose was
pre-treated with 0.1 mg/mL poly-d-lysine (Sigma Aldrich) to facilitate the attachment of the cells
to the surface. Poly-d-lysine was resuspended in 1X phosphate-buffered saline (PBS; 137 mM
NaCl, 10 mM Na2HPO4, 27 mM KCL, and 1.75 mM KH2PO4 at pH 7.4) for 10 min at room
temperature. The poly-d-lysine solution was aspirated, and the agarose was incubated at room
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temperature for 2 h in a sterile environment followed by 2X washing with MDA-MB-231 culture
media. A 20 x 30 mm agarose slab was cut from the dish using a razor blade and placed on top of
the bottom Plexiglas layer. The pre-plumbed PDMS replica, coupled with the top Plexiglas piece,
was placed on top of the agarose slab to generate a complete device. The device was rendered
fluid-tight using four screws and hex nuts (18-8SS ¾, McMaster-Carr) at the four corners of the
device. The screws were tightened gently (to ensure the same vertical spacing at all four corners),
followed by leakage testing by injecting media through all four-fluidic channels at a rate of 15
µL/min using a syringe pump (KD Scientific). A digital slide caliper (Fisher Scientific) was used
to measure the vertical spacing between the top and bottom Plexiglas layers. The assembled device
was immersed in complete growth media supplemented with 1% (v/v) P/S (Penicillin and
Streptomycin, Gibco) and primed for 4 h by injecting MDA-MB-231 culture media into the two
outermost flow channels at a rate of 15 µL/min in a 37°C, 5% CO2 incubator (Symphony, VWR).
After the priming period, cells were injected into the two innermost channels using a syringe pump
at a rate of 5 µL/min. MDA-MB-231 cells were injected at a density of 5x105 cells/mL, and ASCs
were injected at a density of 1x106 cells/mL. The cellular suspension was added sequentially
(MDA-MB-231 cells first, ASC cells second) to avoid compromising the fluid-tight channels. The
Tygon tubing connected to the inlet and outlet ports of the innermost cell culture channels were
sealed with blunted 23G syringes to prevent contamination and media loss. The outermost flow
channels were hooked up to 10 mL syringes (BD, VWR) containing complete growth media,
which was infused continuously into the device at a rate of 15 µL/min. During single culture
experiments, the media infused into the device was the same as described above for MDA-MB231 cells and ASCs. During co-culture, MDA-MB-231 culture media was infused into the flow
channel adjacent to the cancer cell culture channel, while ASC culture media was infused into the
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flow channel adjacent to the ASC culture channel. The device and syringe pumps were placed in
a 37°C incubator for the extent of the experiment. Light microscopy images were collected every
12 hours during the 72 hours experiment using a Zeiss Primo Vert phase-contrast microscope
equipped with an Axiocam105 color digital camera.
2.2.5 On-chip fluorescent labeling of cells
Immunoﬂuorescent (IF) staining was performed at the end of an experiment. The cells were
fixed by flowing 4% paraformaldehyde (v/v, in 1X PBS) into the adjacent media channel of the
microﬂuidic device for 15 min at a flow rate of 15 µL/min, followed by washing with 1X PBS at
the same flow rate for 15 min at room temperature. Cell permeabilization was initiated by infusing
0.5% Triton X-100 (v/v) in 1X PBS at room temperature for 15 min, followed by washing with
PBS for 15 min. To eliminate non-specific binding, cells were incubated with 0.1% BSA (v/v in
PBS) for 45 min. To stain for proliferation, the fluorescently labeled primary antibody (Alexa
Fluor 488 Mouse anti-Human Ki-67, BD Pharmingen) was diluted at 1:20 in the 0.1% BSA
solution and incubated in the device for 6 h by continuous pumping using a syringe pump at room
temperature. For actin cytoskeleton staining, phalloidin (BD pharmingen) was diluted at 1:200 and
incubated for the same period. Immediately before imaging, the nuclei were stained by using 4′,
6-diamidino-2-phenylindole (DAPI, Invitrogen), diluted 1:500 in PBS. Cellular fluorescence was
visualized using a Leica DMi8 inverted microscope outfitted with a 10× objective (Leica HC PL
FL L, 0.4× correction), phase contrast, and brightfield applications. Digital images were acquired
using the Flash 4.0 high-speed camera (Hamamatsu) with a fixed exposure time of 100 ms for
FITC, DAPI, and Rhodamine filters, and 25 ms for brightfield. Image acquisition was controlled
using the Leica Application Suite software. All images were recorded using the same parameters.
At the end of a 72 hour experiment, cells were co-incubated on-chip with 2.5 μM Calcein AM
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(Life Technologies, Carlsbad, CA) and 4 μM Ethidium homodimer-1 (Life Technologies,
Carlsbad, CA) in 1X PBS for 2 h at a flow rate of 15 µL/min through the adjacent media channel
at room temperature. Fluorescence images were taken using the same Leica DMi8 inverted
microscope.
2.2.6 On-chip drug evaluation and cell viability studies
Paclitaxel (Adipogen Life Sciences, USA), an anticancer drug, was used to study the drug
resistance of co-cultured and single-cultured MDA-MB-231 cells. MDA-MB-231 cells were
exposed to paclitaxel at a final concentration of 20 nM. This solution was placed in Luer-Lok
syringes to be infused into the device at a rate of 15 µL/min using the syringe pump. The PaclitaxelDMEM media was introduced to the device after a 24 hour pre-incubation period, which allowed
the cells to settle and adhere to the surface prior to drug interrogation. The microfluidic device was
infused with the drug solution for 72 hours. After the termination of the experiment, cell viability
was assessed by Calcein AM (live) and Ethidium homodimer-1 (dead), as described in the previous
section. The fluorescence images were analyzed to distinguish and count live cells and dead cells
using a custom Python algorithm called FluoroCellTrack developed by Vaithiyanathan et. al.104
2.2.7 Image analysis and processing
All microscopy images were processed by ImageJ (NIH, USA) to perform cell counts, measure
cell aspect ratio, and determine cellular angular orientation. The cells were counted at each time
point (0, 24, 48, and 72 hours) from the images collected across the entire culture channel. Cell
growth was normalized to the initial cell seeding density to remove any potential bias from slightly
different cell counts at the 0-hour time point. Normalized cell growth was obtained by dividing the
number of cells of each time point by the 0-hour cell number following equation (1):
Normalized cell growth =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑎𝑡 24 ℎ/48 ℎ/72 ℎ
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 0 ℎ
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Eqn. 1

The cellular aspect ratio was determined by measuring the ratio of the major axis length to the
minor axis length of individual cells. A minimum of 300 cells was analyzed for each time point to
determine the cellular aspect ratio. The angular orientation (directionality of the cells) was
calculated by measuring the angle created by the cell’s major axis line with respect to the horizontal
line. The angles were assigned to be 0° for a horizontally aligned cell and 90° for a vertically
aligned cell. Any angles calculated between 91-180° were converted to values between 0-89° to
simplify the analysis. A minimum of 500 cells was analyzed for each time point to measure cell
polarization.
2.2.8 Statistical analysis
The statistical differences between two groups of single culture and co-culture cells were
determined by the student’s t-test with a statistically significant value set at p<0.05, using Origin
software (USA). All data presented in this study is formatted as (mean ± standard deviation).
2.3 Results and discussion
2.3.1 COMSOL simulations of biomolecule and oxygen mass transfer across the device
Time-dependent mass transfer diffusion studies of both biomolecules (representing nutrients,
cytokines, and growth factors) and oxygen were simulated across the two center culture channels
perpendicular to the direction of flow for 24 hours. Small molecules’ concentration profiles across
the channels were obtained by a line scan across the width of the center culture channel (Figure
2.2). First, COMSOL simulations were performed to confirm the mass transfer from the outer flow
channel into the inner flow-free culture channels and that the culture channels reached a steadystate after ~24 hours (Figure 2.2A). The simulations used the physical parameters of the growth
factor SDF-1α to mimic biomolecule (e.g., cytokines, growth factors) diffusion. The pore size of
3% (w/v) agarose is ~100 nm, which should facilitate the diffusion of growth factors or cytokines,
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as the diameter of most growth factors is ~50 nm.105 A similar simulation was performed to
approximate the diffusive mass transfer of soluble biomolecules across the flow-free cell

Figure 2.2. COMSOL simulation of mass transfer in “flow-free” cell culture channels. (A)
Diffusion of a model biomolecule from the outer flow channel into the center culture channels.
(Inset image) Visual representation of the COMSOL simulations showing diffusion across the
device. (B) Simulation of biomolecules between the two flow-free culture channels. (Inset image)
Visual representation of the COMSOL simulation. In both (A) and (B) biomolecules were
approximated at 140 nM SDF-1α in the source channels(C) Simulation of the oxygen diffusion
from outside of the device, through PDMS to cell culture channel. External oxygen was
approximated to be ≈21%.
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culture/channels to confirm that the microfluidic device facilitates intercellular communication
during experimentation (Figure 2.2B). Again, an approximate steady-state was observed after ~24
hours. Finally, the oxygen diffusion within the microfluidic device was simulated to ensure the
cells were not exposed to hypoxic conditions (Figure 2.2C). PDMS is highly permeable to gases
and allows diffusion of CO2 and oxygen, while agarose is capable of transporting biomolecules
through infused medium inside microfluidic channels.106 For the oxygen diffusion simulation, the
static ambient air was modeled to diffuse through an open window in the top layer of Plexiglas.
These simulations indicate that the cell culture channels reached an approximate steady-state
within 5 hours. These results confirm that the two-layer microfluidic device allowed for indirect
communication between two different cell types cultured in the two “flow-free” cell culture
channels to facilitate co-culture studies of breast cancer cells and ASCs.
2.3.2 Simultaneous co-culture of cancer cells and stem cells increases the cellular growth
rate
Prior to on-chip testing, it was important to confirm that adherent cell lines could be cultured
on agarose and that there was no difference in cellular growth or morphology. To confirm this,
MDA-MB-231 cells were cultured on polystyrene-coated Petri dishes (herein called tissue culture
plastic, TCP) or Petri dishes filled with ~5 mm agarose coated with 0.1 mg/mL poly-d-lysine.
There was no observable difference in the growth for the MDA-MB-231 cell cultures on TCP and
agarose for up to 48 hours; however, there was a slight decrease in growth for the cells cultured
on agarose after 72 hours of incubation, as compared to cells cultured on TCP (Figure 2.3A). This
was attributed to the culture media diffusing into the agarose layer from the cells being cultured
on top of it, which minimized the available pool of nutrients for the cells to access. This loss of
available nutrients was minimal and only affected cells after 72 hours of continuous culture. It was
assumed that this would not be an issue with the microfluidic device since it was continuously
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Figure 2.3. Cell growth and proliferation cultured off-chip and on microfluidic device. (A)
Normalized growth of MDA-MB-231 cells cultured off-chip on either TCP or agarose. Cells were
cultured in a 100 mm petri dish for 72 hours with an initial total number of 700,000 cells. Cell
growth was normalized by dividing the number of cells of each time point by the 0-hour cell
numbers. The statistical significance test between cell growth on TCP and agarose with **
representing p<0.05 and ns indicating no significance. (B) Transmitted light (brightfield) images
of ASCs (top culture channel) and MDA-MB-231 cells (bottom culture channel) in the device
during a 72 h experiment. Images are representative of cell cultures across the entire channel and
of triplicate experimentation. (C) Cell proliferation was quantified in the microfluidic device for
MDA-MB-231 cells using anti Ki-67 antibodies was compared among cells in co-culture and
single culture experiments. Experiments were conducted in duplicate and the statistical differences
between two groups were determined by the student’s t-test with a statistical confidence interval
value set at p<0.05.
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infused with fresh media, whereas the off-chip batch study was not. Once it was confirmed that
adherent cells could be cultured on poly-d-lysine-coated agarose, single-culture on-chip
experiments (e.g., the same cell type in both center culture channels) were performed with both
MDA-MB-231 cells and ASCs (Figure A.1: appendix ). Both cell types were observed to reach
~80-90% confluency after 72 hours of experimentation. Figure A.1 confirmed the growth of both
MDA-MB-231 cells and ASCs during the 72 hours of incubation. Both cell types exhibited similar
morphology to cells cultured off-chip both on TCP and agarose (data not shown). This confirmed
that both cancer cells and ASCs could be cultured in the two-layer microfluidic device. Terminal
immunostaining of the actin cytoskeleton using phalloidin was performed to show the structure of
the actin cytoskeleton in ASCs and MDA-MB-231 cells (Figure A.2: appendix). The results from
the cytoskeleton staining show similar behavior with respect to cellular spreading for both cell
types, which also resembles the cytoskeletal behavior of these cell lines when cultured on TCP.107
Terminal proliferation staining of single-cultured MDA-MB-231 using Ki-67 (protein marker of
cellular proliferation) confirmed that the cells were still actively proliferating after 72 hours of
incubation in the device (Figure A.3A: appendix).
Simultaneous co-culture experiments were then performed: the ASCs were cultured in the
“top” channel and the MDA-MB-231 cells were cultured in the “bottom” channel for 72 hours
(Figure 3B). The terms “top” and “bottom” do not refer to the z-direction in the two-layer
microfluidic device but instead refer to the manner in which the microscope images were collected
and presented. Terminal proliferation staining using Ki-67 confirmed that the MDA-MB-231 cells
were still actively proliferating after 72 hours of co-culture (Figure A.3B: appendix). Interestingly,
when compared to the proliferative behavior of the MDA-MB-231 cells in single culture versus
co-culture, it was determined that cancer cells in co-culture with ASCs exhibited a statistically
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significant increase in proliferation (Figure 2.3C). This suggested that the ASCs provide a
supportive environment for the cancer cells and facilitate enhanced growth and proliferation. Prior
studies have identified that the genetic expression of leptin was altered in ASCs when they were
co-cultured with another model breast cancer cell line (MCF7), resulting in an increase in the
proliferative behavior of the cancer cells.17,108 The results presented here are in alignment with
prior studies, which suggest that ASCs enable enhanced cancer progression.109,110 Terminal
viability staining of the MDA-MB-231 cells confirmed >95% of cells were alive after the 72 hours
co-culture experiment (Figure A.3C: appendix).
A normalized growth rate of the MDA-MB-231 cells was approximated by direct counts of
cancer cells across the entire length of the channel under both single culture and co-culture
conditions to determine how the presence of the ASCs enhanced cellular growth. A statistically
significant increase in the growth rate of MDA-MB-231 cells was observed in the presence of
ASCs when compared to single-culture studies (Figure 2.4A). Similar findings were observed in a
previous co-culture study where Muehleberg et al. investigated the effects of ASCs on breast
cancer cells and reported that the cancer cells induced the secretion of SDF-1α from the ASCs,
which activated paracrine signaling between the two cell types, resulting in enhanced proliferation,
invasion, and metastasis of the cancer cells.111 Interestingly, Sabol et al. found that ASCs promoted
metastasis in MCF7 cells (another model breast cancer cell line) but did not result in a significant
increase in tumor growth.17
2.3.3 Biophysical changes in MDA-MB-231 cells due to their co-culture with ASCs
The analysis of the physical properties of cells provides insight into their phenotypic
characteristics and is associated with heterogeneity in their migratory behavior, the transformation
of their stiffness, and their morphology. Cell morphology plays an essential role in cancer
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progression, which depends on various factors, including metastatic cell density, TME, and cellto-cell contacts.9,112 EMT induces epithelial cells to develop a more invasive phenotype with
increased migratory potential, which is detectable by observing the transformation of cell
morphology from a circular shape to an elongated mesenchymal shape. Previous studies have
found vimentin expression and E-cadherin dysfunction (considered hallmarks of EMT), where
transforming growth factor (TGF β) pathways induce mesenchymal transition phenotype.113–115
The relationship of cancer metastasis and morphological properties, such as cellular area, shape,
and aspect ratio, have been studied in pancreatic cancer cells and breast cancer cells, suggesting
that the metastatic potential of cancer cells increases while losing phenotyping heterogeneity.116
The two-layer microfluidic platform was utilized to observe changes in the biophysical properties
of the MDA-MB-231 cells in the presence of ASCs with respect to both cellular morphology and
orientation of the cancer cells. The cellular morphology was quantified by calculating the aspect
ratio of the MDA-MB-231 cells cultured in the presence and in the absence of ASCs to identify
how ASCs potentially affect EMT in cancer cells. A higher aspect ratio is indicative of a
mesenchymal phenotype, while a lower aspect ratio denotes a cancer cell that has an epithelial
phenotype. Initially, there was no difference in the average aspect ratio of MDA-MB-231 cells
after 24 hours of single and co-culture; however, after 48 hours the aspect ratio of MDA-MB-231
cells increased significantly in cells co-cultured with ASCs, as compared to single-cultured cells
(Figure 2.4B). Interestingly, the extremes in the heterogeneity of the aspect ratios (denoted by the
number of outliers beyond the interquartile range in Figure 2.4B) across the population of cancer
cells co-cultured with ASCs decreased over time, suggesting that distinct subpopulations exist
across the entire population of the MDA-MB-231 cells. This would infer that some cancer cells
are more sensitive to the presence of the ASCs and react much more quickly to intercellular
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Figure 2.4. Simultaneous co-culture of MDA-MB-231 cells and ASCs alters breast cancer cell
growth and morphology. (A) The growth of the MDA-MB-231 cells was observed in single and
co-culture using an initial cell density of 0.5×105 cells/mL. (B) Morphological changes in MDAMB-231 cells in single culture and co-culture was determined by calculating the aspect ratio:
measuring the ratio of the major cell axis length to minor cell axis length of individual cells. A
minimum of 500 MDA-MB-231 cells was analyzed for each time point. Single culture and coculture data were compared by student’s t-test with a statistically significant value set at p<0.05.
communication than others; however, the majority of the population eventually recognizes and
responds to the presence of the ASCs. This is in line with several single-cell analysis studies
highlighting the heterogeneity of cellular behavior with respect to growth, behavior, and enzyme
activity.117 These findings suggest that breast cancer cells co-cultured with ASCs adopt a more
37

mesenchymal phenotype, which gradually increases over three days of co-culture.
To further explore this invasive phenotype, the orientation of breast cancer cells cultured in the
“bottom” channels was compared between cancer cells co-cultured with ASCs in the “top” channel
versus cells in the “top” channel. Cellular orientation is an indicator of cellular movement,
invasiveness, and intracellular signaling, as chemotactically-migrating cells will align vertically
towards a chemical gradient.118,119 The angular orientation, or the polarization of cancer cells
towards the ASCs, suggested that the MDA-MB-231 cells under co-culture conditions exhibited a

Figure 2.5. MDA-MB-231 cells orient themselves towards the ASC population during
simultaneous co-culture. (A) The angle was calculated with the cell major axis line with respect to
the horizontal line. The angles were taken within 0° to 90° where 0° refer no directionality of cells
in the parallel position of the channel, and 90° indicates 100% directionality of cells in the
perpendicular position of channels. All angles were measured (B) when MDA-MB-231 cells were
cultured in single culture. (C) when MDA-MB-231 cells were cultured in Co-culture with ASCs
for 72 hours. The warm color represents angle in the range of 45° to 90°. A minimum 500 cells
were analyzed for angle measurement
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bias towards the adjacent channel when ASCs were present (Figure 2.5). Perpendicular orientation
of MDA-MB-231 cells developed over time with >50% of the population of cancer cells having
angles of orientation ranging from 60°-90° after 72 hours of co-culture with ASCs. Conversely,
only 37% of the MDA-MB-231 cells exhibited this bias orientation when MDA-MB-231 cells
were cultured in the adjacent channel. These findings suggest that the cancer cells were responding
to paracrine signals emitted by the ASCs and were orienting themselves towards the source of this
chemical gradient. A similar trend has been observed during the chemotactic response of breast
cancer cells to the gradient of the EGF growth factor.57 This suggests that the breast cancer cells
in the “bottom” channel co-cultured with ASCs were undergoing the initial steps of migration
through chemosensing and polarization. No significant chemotactic movement was observed in
this study; however, that can be attributed to several factors, including the lack of stiffness of the
2D agarose surface, the absence of ECM components, and, most likely, a very shallow gradient of
soluble chemokines. Prior studies on the chemotactic behavior of MDA-MB-231 cells show that
the majority of migrating cells prefer a steep gradient across the cell with a minimal amount of
cells able to respond to and migrate up a shallow gradient to some extent.120
The results presented here confirmed significant changes in cancer cell morphology due to
their co-culture with ASCs and provided additional support for enhanced invasiveness of breast
cancer cells. Significant increases in cell aspect ratio and a biased directional orientation towards
nearby ASCs suggest that ASCs activated signaling pathways in breast cancer cells. Walter et al.
verified that interleukin-6 (IL-6) secreted by ASCs stimulated breast cancer cell migration and
invasion in the xenograft mouse model.121 This study also identified a cytoskeleton regulator,
cofilin-1, that had an active role in stimulating ASCs to secrete excess IL-6. These results obtained
from the two-layer microfluidic device demonstrated the stimulation of triple-negative MDA-MB39

231 breast cancer cells by ASCs, which expands upon the prior studies and confirms the role of
ASCs in cancer progression.
2.3.4 MDA-MB-231 cells exhibit enhanced drug resistance when co-cultured with ASCs
ASCs are not only associated with enhanced metastasis but are also correlated with enhanced
drug resistance. Paclitaxel (Taxol) is a chemotherapeutic agent that is used in the treatment of
breast cancer. Paclitaxel stabilizes the microtubules of cancer cells and works as an inhibitor of
chromosomal replication.122 Cancer drug resistance is correlated with alterations of tubulin
structure, microtubular drug-binding affinity, cell cycle deregulation, and over-expression of

Figure 2.6. Co-cultured cancer cells show drug resistance to 20 nM Paclitaxel. The viability of
MDA-MB-231 cells treated with either a DMSO control or Paclitaxel was measured on-chip after
3 days of Paclitaxel treatment in single cultured and co-cultured experiments. MDA-MB-231 cells
were incubated with Calcein AM (2.5 μM) and Ethidium homodimer-1 (4 μM) after terminating
the experiment. Viability experiments were conducted triplicate and the statistical differences
between two groups were determined by the student’s t-test with a statistically confidence interval
value set at p<0.05.
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membrane P-glycoprotein during aerobic glycolysis (the Warburg effect).123 The excessive amount
of glycolysis-generated ATP further consumed by drug-resistant cells renders the cells immune
from lower doses of Paclitaxel.122,124 The two-layer microfluidic device was used to investigate a
potential role in ASC-mediated Paclitaxel resistance of MDA-MB-231 cells under co-culture
conditions. Since the drug was introduced to the cells via passive diffusion from the outer flow
channel, it was first necessary to identify an approximate IC50 of Paclitaxel. Dose-response
experiments were performed with three different concentrations of drug (10, 20, and 30 nM)
infused into the device in the outer flow channel adjacent to the “bottom” culture channel, where
the MDA-MB-231 cells were seeded (Figure A.4: appendix). This experiment found that 20 nM
Paclitaxel resulted in only ~50% viable cells remaining in the device after 72 hours of treatment;
thus, this dose was chosen for the drug resistance studies. A similar Paclitaxel concentration was
used by Jihui et al. during a microfluidic combinatorial drug screen.125 Next, cellular viability was
assessed in MDA-MB-231 cells cultured in the presence and absence of ASCs during a 72 hours
drug treatment using a terminal viability staining for live and dead cells (Figure A.5: appendix).
Figure 2.6 demonstrated a reduced effect of Paclitaxel on MDA-MB-231 cells co-cultured with
ASCs with ~81% viable cancer cells found under co-culture conditions compared to 56% viable
cancer cells remaining with single culture experiments. These findings support the concept that
ASCs confer drug resistance in triple-negative breast cancer cells. While the mechanism of drug
resistance is not fully understood, these studies suggest that paracrine signals do affect this
phenomenon. Another study showed that multi-drug-resistant breast cancer cells expressed a
higher level of IL-6, where breast cancer cells that are sensitive to drug treatment didn’t produce
IL-6.126 Strong et al. demonstrated high levels of IL-6 expressed in MCF7 cells co-cultured with
ASCs, which indicates IL-6 could be responsible for drug resistance in cancer cells.17 Similar
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results have been identified in this study, suggesting that the cancer cells become drug-resistant in
co-culture with ASCs, which suggests future studies may be directed at the investigation of IL-6
as a possible mechanism of crosstalking of ASCs and MDA-MB-231.
2.4 Conclusion
In this study, a two-layer, four-channel “flow-free” microfluidic device was developed to allow
for the continuous co-culture of two distinct types of cells found in the tumor microenvironment.
The microfluidic device allowed for passive diffusion of biomolecules from continuous infusion
flow channels to flow-free culture channels to overcome limitations associated with other
platforms, including batch culture conditions (e.g., media depletion and waste accumulation) or
shear effects. The microfluidic device was used to study intercellular communication between
triple-negative breast cancer cells (MDA-MB-231) and ASCs. Prior studies have shown a link
between ASCs and cancer; however, no prior studies were elucidating the impact of ASCs on
cancer cell growth, proliferation, morphology, and drug resistance. The co-culture studies
performed here confirmed that ASCs enhance cancer cell growth and proliferation, supporting the
hypothesis of the importance of their role in cancer cell progression. Biophysical studies identified
a role for ASCs in enhancing cancer cell invasiveness by encouraging MDA-MB-231 cells to adopt
a more aggressive morphology, coupled with physical alignment towards ASCs as the first step in
the invasion. Drug studies with Paclitaxel confirmed that ASCs confer resistance on cancer cells,
also confirming their role in drug resistance during cancer treatment. This microfluidic device has
the potential to be used in drug screening or drug resistance experiments for many other disease.
Taken together, these findings highlight the role of dynamic paracrine signaling between cancer
and stromal cells. Finally, the microfluidic device developed in this study offers the potential for
promising future dynamic co-culture studies that could be an alternative to animal models, thus
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undertaking new experiments examining the role of intercellular communication of cancer
progression and drug resistance.
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CHAPTER 3. FABRICATION AND CHARACTERIZATION OF A 3DPRINTED PLATE INSERT FOR DYNAMIC CO-CULTURE
APPLICATIONS
3.1 Introduction
The implementation of novel co-culture approaches to interrogate cellular behavior has
garnered significant attention in recent years because cells behave differently when cultured in
isolation compared to co-culture with other cell types. Studies on diseases including cancer, heart
disease, and autoimmune disease have shown that neighboring healthy cells can affect the growth
rate, cellular phenotype, and response to therapeutics of diseased cells. Cell-to-cell communication
is an essential phenomenon in physiological processes throughout the body, including
embryogenesis, wound healing, and disease progression. These changes in the cellular response
are due to secreted biomolecules that greatly influence adjacent cell behavior through the induction
of intercellular signaling via paracrine signaling.84

In paracrine signaling, cells secrete

biomolecules (e.g., growth factors, cytokines, hormones) into the extracellular space, which are
detected by neighboring cells to influence proliferation, migration, or apoptosis. Current in vitro
approaches to perform co-culture studies depend primarily on the Transwell assay. The Transwell
assay utilizes a semi-permeable, optically opaque, porous polycarbonate membrane to separate
two different cell types into upper and lower culture chambers. They are commercially available
and are designed to fit into 24-, 48-, or 96-well plates.127 While this approach has yielded valuable
results with respect to intercellular communication, there are several limitations, including (i) its
failure to visualize the cells in the insert during the experiment with light microscopy due to the
opaque material of the membrane, (ii) infiltration of the cells from the top chamber above the
membrane into the lower one, (iii) inability to infuse fresh growth media dynamically into the
device results in a batch environment of diminishing nutrient levels and waste accumulation as the
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experiment progresses, and (iv) very low cellular yields for post-experimental analysis using PCR
or western blots. Additionally, the collection of cells from the ‘top’ layer on the polycarbonate
membrane is exceedingly difficult due to cellular infiltration into the membrane, which requires
great care and experience. Moreover, the total number of cells collected from 24-well plates is too
low for traditional PCR or Western Blots, requiring ~1-2 million cells per experiment, depending
on the cell line and seeding density.128 This oftentimes requires researchers to pool samples across
multiple wells to acquire sufficient cell numbers which increases assay cost and complexity.
Microfluidic device that can perform a western blot have recently been developed; however, they
very specialized and require more development.129 In fact, 24-, 48-, and 96-Transwell inserts have
maximum harvestable cells of 240,000, 120,000, and 40,000 respectively at full confluence for
standard epithelial and mesenchymal cell lines.130
Recent years have yielded other approaches for cellular co-culture, including modified
versions of Transwell assay, multi-channel microfluidic devices, and open culture devices having
microwells.131–138 Chapters 1 and 2 provided a summary of current microfluidic approaches to
perform dynamic co-culture applications in addition to our contributions to this field. However,
the majority of microfluidic devices suffer from a few limitations, including (i) an inability to
collect/harvest the cells off-chip for post-experimental analysis, (ii) low cell yields, (iii) a require
for on-chip interrogation using immunostaining, and (iv) the use of expensive external pumps to
infuse the device with media. As such, while microfluidic devices are a powerful tool to perform
dynamic co-culture applications, there are certain instances in which a different approach is
needed. To address this limitation, we set out to develop a novel approach at cellular co-culture
that did not suffer from some of the issues associated with the Transwell assay and microfluidic
devices. This was accomplished through the development of a 3D-printed plate insert that
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incorporates an agarose hydrogel layer to serve as a semi-permeable membrane to create two
distinct culture chambers (Figure 3.1). These two culture chambers, above and below the agarose
slab, are physically separated yet chemically connected (Figure 3.1C). This allowed for the facile
transport of biomolecules without the physical infiltration of cells from the top chamber to the
bottom chamber that plagues the Transwell assay. Another advantage of the plate insert is that it
is compatible with light microscopy allowing for the continuous observation of cells in both the
top and bottom chambers. Two different-sized inserts were fabricated to fit into either a 10 cm
petri dish or a 3 cm 6-well plate. The 10 cm insert was used for harvesting a maximum number of
cells for PCR analysis, while the 3 cm insert was developed to perform cell growth studies that
required a plate reader and established viability stains. For both inserts, the agarose hydrogel was
coated with poly-D-lysine to facilitate cellular attachment, spreading, and growth of adherent cell
lines in the top layer, similar to the approach described in Chapter 2. The design approach is userfriendly, inexpensive, and allows for dynamic and tunable co-culture conditions while preserving
similar growth trends as compared to commonly used tissue culture plastic (TCP). Mass transfer
between the two chambers was evaluated both experimentally and via COMSOL simulations to
confirm the rapid diffusion of biomolecules and oxygen across the hydrogel approaching a steady
state within 18 hours and 6 hours, respectively. The 3D-printed plate insert approach allowed for
the direct visualization of cell lines in both the top and bottom chambers to track cell growth and
morphology. A proof-of-concept study using the plate insert was performed to investigate
intercellular communication between breast cancer cells and adipose-derived stem cells (ASCs).
As described in Chapter 2, ASCs play a critical role in promoting metastasis and drug resistance
in breast cancer patients. The co-culture approach allowed for the independent harvesting of both
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Figure 3.1. Design and schematic of the insert. A) Top view B) CAD model of the insert C)
Exploded view of the insert incorporated into a 10 cm tissue culture dish. Two different cell types
(yellow and green color) can be cultured on the bottom of the dish and on the top of the agarose
allowing diffusion of biomolecules while directly imaging both layer and facile harvesting of cells
for post experimental analysis. D) 2 mm Agarose layer fabricated and taken off from the base
mold, which was supported by the 3D-printed plate insert E) Insert with agarose layer containing
media in the 10 cm petridish.
cell lines in numbers sufficient for downstream PCR analysis to identify changes in the genotypic
and phenotypic signature of cancer cells.
3.2 Materials and methods
3.2.1 Design and fabrication of the 3D-printed plate insert
The key feature of the design of the 10 cm insert is three 2 mm tall legs and a 3 mm thick lip
that can hold the agarose membrane of (~2 mm thick) that makes a total of 5 mm spacing between
the bottom of the petri dish and agarose membrane of the inset. The dimensions of the top and side
view of the insert are shown in Figures 3.1 (A, B), where the inner diameter of the insert was 8.5
mm to fit in a 10 cm petri dish. The insert was built to accommodate sufficient media on the top
and bottom layers to fit into a standard 10 cm petri dish that is ~2 cm tall. The insert's dimensions
allow for 15 mL of media in the bottom chamber to fill the ~5 mm height of the bottom chamber
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between the bottom of the dish and the bottom layer of the agarose to allow for the diffusion of
biomolecules between two layers. The top chamber was also designed to support 15 mL of media.
The smaller version of the plate insert was designed by scaling down the 10 cm diameter to 3 cm
diameter to fit into the well of the 6-well plate (Corning, USA).

Both inserts and bases were

designed using Solidworks (MA, USA) and were fabricated using an Ender-3 Pro 3D printer using
a 1.75 mm biocompatible, non-toxic, 3D printing filament (polylactic acid, PLA). The base mold's
purpose was to assist in the pouring and solidification of the agarose slab prior to experimentation
(Figure 3.1D).
3.2.2 Computational simulation of mass transfer in the plate insert using COMSOL
Multiphysics
COMSOL simulations were performed to model the mass transfer of biomolecules and oxygen
between the two chambers above and below the plate insert's agarose membrane. The purpose of
the model was to ensure that the soluble biomolecules excreted from the cells of one chamber were
able to diffuse through the agarose membrane with media to the other chamber cells and validate
that the ambient oxygen could reach the bottom chamber to ensure no hypoxic conditions. In the
nutrient mass transfer simulation, the property of the media was assumed as water (density 995.6
kg-m−3, viscosity 7.97 × 10−4 Pa-s) and the diffusion through the media considered the ‘Diffusion
of Dilute Species model’ while the diffusion through the agarose layer used ‘Diffusion through
Porous Media model’. The porosity of the 3% (w/v) agarose was approximated as 0.971.139 The
simulation used the physical properties of 500 kDa fluorescein isothiocyanate (FITC)-dextran to
mimic the upper threshold of potential biomolecules that could pass through the agarose
membrane. The approximated initial concentration of the FITC-dextran in the bottom chamber
was 10 µM. To confirm the proper diffusion of oxygen across the device, the COMSOL model
used static ambient air to diffuse through the agarose membrane. The diffusion begins from the
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agarose membrane at 7 mm height from the bottom of the dish, which is denoted as the z value of
7 at the agarose surface and z = 0 at the bottom of the Petri dish.
3.2.3 Experimental characterization of mass transfer in the plate insert using FITCdextran
The mass transfer in the system was validated experimentally using a passive diffusion
experiment monitoring the mass transfer of 500kDa FITC-dextran (Sigma, USA) from the bottom
chamber to the top chamber over a 72 hours period. To begin testing, 15 mL of 40 μM FITCdextran solution was pipetted to the bottom chamber of the dish, while 15 mL DI water was
pipetted above the agarose in the insert. Samples were collected from the top chamber at nine
different time points (0, 1, 2, 4, 8, 12, 24, 48, 72 hours) at five different positions. The samples
were then measured for absorbance at 488 nm in a NanoDrop® spectrophotometer (Thermo Fisher
Scientific, MA, USA).
3.2.4 Agarose membrane preparation
The agarose membrane was formed by pouring liquid agarose into the insert in a biosafety
hood. The 3% (w/v) agarose solution was prepared and autoclaved, as described in section 2.2.4.
The base mold and plate insert were sterilized by immersing them in ethanol before assembly in
the biosafety hood. Both the insert and base were left in the hood for ~1 hour to dry. The insert
was locked in a circular channel of the mold before pipetting the hot (̴ 70-80 °C) agarose into it.
15 mL of agarose was pipetted into the mold to produce a 2 mm thick (z-direction) membrane for
the 10 cm insert. For uniform surface distribution, 20 mL of agarose was pipetted into the insert,
followed by the withdrawal of 5 mL to have 15 mL agarose. For the 6-well insert, 2 mL of agarose
was required to create the membrane. The agarose was allowed to solidify into the circular base
slab for 30 minutes in the biosafety hood. The base mold enabled a tight sealing between the
agarose and the insert. This seal is essential for the structural integrity of the agarose to prevent
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the infiltration of cells between the top and bottom chambers. The plate insert was removed from
the base mold when the agarose became embedded in the extended lip of the insert. The agarose
was then ready for immediate poly-D-lysine treatment or stored at 4°C for up to 3 days for future
treatment. The agarose was treated with 0.1 mg/mL poly-D-lysine (VWR, USA) using the same
approach described in section 2.2.4. to induce cationic charges that facilitate the attachment of the
anionically charged cells to the agarose surface. In the biosafety hood, 3 mL poly-D-lysine was
added to the surface of the agarose for 10 cm insert, while 1 mL of the solution was used for the
6-well insert. The poly-D-lysine solution was incubated on the agarose for 2 hours at room
temperature. The poly-D-lysine solution was then aspirated from the agarose, followed by five
washes with serum-free DMEM. The plate insert was then wrapped with parafilm and left
overnight at 4°C before the experiment started the next day. Similarly, for a control experiment to
compare cell growth on the agarose to cell growth on an insert, the poly-D-lysine treated agarose
layer was formed on the bottom of both a 10 cm petri dish and a 6-well plate without the plate
insert.
3.2.5 Cell Culture methods and reagents
Breast cancer cell lines MDA-MB-231 (triple-negative breast cancer) were acquired from
ATCC. All reagents and culture procedures used in this chapter are similar to those described in
section 2.2.3. The adipose-derived stem cell donor (ASCs) was Caucasian, female, and 29 years
old with a body mass index (BMI) of 32 was obtained from Obatala (New Orleans, LA).
3.2.6 Dynamic co-culture experiments using the 3D-printed plate insert
The design of the experiment required cell culture in three scenarios, including both
experimental and control conditions. Two single cell type control experiments were performed by
either (1) directly culturing the cells on the TCP (both the 10 cm dish and the 6 well plates) or (2)
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adding a slab of agarose onto the bottom of the TCP (both the 10 cm dish and the 6 well plate) and
then culturing the cells on top of the agarose. These control experiments were necessary to confirm
similar growth rates on both surfaces and to ensure the plate insert itself did not alter cell growth.
Experimental co-culture conditions involved plating cells on the TCP below the insert (bottom
chamber) and the agarose (top chamber) (Figure 3.1C). Co-culture experiments involved either the
culture of a single cell type in both the top and bottom chamber (e.g., MDA-MB-231 or ASC) or
the co-culture of both cell types (MDA-MB-231 in the top chamber and ASCs in the bottom
chamber). The single cell line experiments were to investigate the growth rates and transcriptional
changes of the cells to confirm that the cells behave the same in the insert as they do on TCP. All
agarose surfaces were treated with poly-D-lysine as described above. The poly-D-lysine treated
insert was removed from the 4°C refrigerator, moved to the biosafety hood, and washed five times
with the DMEM media (without serum) before the cell seeding. Next, 7.0 x 105 cells (either 231s
or ASCs) in 15 mL of media were added to the TCP plate creating the bottom chamber. The petri
dish was gently agitated to facilitate the consistent distribution of cells. The plate insert was then
gently placed into the dish using tweezers to ensure no air bubbles formed in the media and agarose
membrane interface. If any bubbles were observed in the bottom chamber, they were aspirated.
The top culture chamber was then created by adding 10 mL of media containing 7.0 x 105 cells
above the insert. Special care was taken to prevent any media spillage that would lead to crossmixing between the top and the bottom layer. The entire dish was then rocked gently again to
facilitate the uniform distribution of cells. The dish containing the plate insert was placed in the
incubator at 37°C for an hour to settle the cells before collecting ‘0-hour’ images. A similar
approach was used for the control experiments using only TCP (Control-TCP) or agarose (ControlAgarose) by adding 15 mL of media containing 7.0 x 105 cells. The cells were imaged every 24
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hours for up to 96 hours using a Zeiss Primo Vert phase-contrast microscope equipped with an
Axiocam 105 color digital camera. Cells were harvested at the end of the experiment using the 10
cm insert for subsequent PCR analysis. In brief, the cells were carefully scraped from the top
chamber off the agarose slab using a cell scraper, with special care taken to ensure no agarose is
lifted during this process. The ~10 mL media in the top chamber with scraped cells was collected
in a 15-mL tube followed by centrifugation at 300 rcf for 5 minutes. Afterward, the supernatant
was discarded, and the pellet was re-suspended in 1 mL media and transferred into a 1.5 mL
Eppendorf tube followed by centrifugation at 300 rcf for 5 minutes. After centrifugation, the
supernatant was aspirated carefully and the pelleted was re-suspended in 50 L of RNAlater and
stored at -20 °C for RNA extraction, followed by PCR analysis. RNA extraction was conducted
using Purelink RNA Mini Kit (Life Technologies, USA) via NanoDrop spectrophotometer. A
similar approach was used to collect the cells from the bottom chamber after the insert was
removed from the dish.
3.2.7 Viability staining of cells in the 10 cm plate insert
Terminal viability staining was performed on the MDA-MB-231 cells cultured for 72 hours in
the plate insert. Cell viability was assessed by fluorescence microscopy using 2.5 μM Calcein AM
(Life Technologies, Carlsbad, CA) and 4 μM Ethidium homodimer-1 (Life Technologies,
Carlsbad, CA) in 1X PBS. At the end of the experiment, the media was withdrawn using a 10 mL
pipette and gently washed by 3 mL PBS. 3 mL mix of live and dead stain were added into the dish
before incubation at 37°C for 30 minutes. Cellular fluorescence was visualized using a Leica DMi8
inverted microscope outfitted with a FITC, Rhodamine filter cube, 10X objective (Leica HC PL
FL L, 0.4X correction), and phase contrast and brightfield applications. Digital images were
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acquired using the Flash 4.0 high-speed camera (Hamamatsu) with a fixed exposure time of 500
ms for FITC filter and 10 ms for the brightfield.
3.2.8 Quantification of cell growth in the 6-well plate inserts
These experiments followed the same setup procedure described above, with the exception of
smaller volumes of media and lower numbers of cells. For this experiment, 5.0 x 10 4 cells were
added to the bottom chamber in 3 mL of media, while 5.0 x 104 cells were added to the top chamber
in 2 mL of media. Cell growth was assessed in triplicate using an Alamar blue assay (Invitrogen,
USA) at four time points of 24, 48, 72, and 92 hours. Control experiments were also performed
using TCP only and agarose only in the 6 well plates. At each time point, the insert was carefully
removed from the culture chamber and placed in an adjacent empty well to allow for interrogation
of cells in both the top and bottom layer. This was achieved by aspirating the media from the top
chamber followed by the transfer of the insert to the empty well followed by 2 mL of media
supplemented with 10% (v/v) Alamar blue. The ‘empty’ neighboring chamber had 3 mL of media
in it prior to the addition of the insert to prevent the ‘top’ chamber from drying out during the
Alamar blue incubation period. The bottom chamber cells were interrogated by aspirating the 3
mL growth media, followed by adding 2 mL of media containing 10% (v/v) Alamar blue. A similar
procedure was performed for the TCP only, and agarose only controls. All well plates were
incubated at 37°C in the dark for four hours. The plates were analyzed using a microplate reader
(Perkin Elmer Wallac Victor2, USA) with an excitation of 531 nm and emission of 595 nm. Each
observation's fluorescence intensity was normalized to the baseline timepoint at 24 hours by
dividing the number of the fluorescence intensity value of each time point by the 24-hour
fluorescence value.
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3.2.9 Data analysis: Description of the statistical significance
The statistical differences between two groups of single culture and co-culture cells were
determined by the student’s t-test with a statistically significant value set at p<0.05, using
OriginLab software (USA). All data presented in this study is formatted as (mean ± standard
deviation).
3.3 Results and discussion
3.3.1 COMSOL simulations of biomolecule and oxygen mass transfer across the 3Dprinted plate insert
Mass transfer diffusion studies were performed to validate the exchange of biomolecules (e.g.
secreted factors by cells) and oxygen across the agarose membrane to confirm both the indirect
communication between the cells in both the top and bottom chamber and also to validate that the
cells were not experiencing any hypoxic conditions. The first set of simulations focused on the
mass transfer of biomolecules from the bottom chamber to the top chamber (Figure 3.2A). These
simulations confirmed mass transfer and that a pseudo-steady-state was achieved with ~24 hours.
These simulations used an extremely high weight FITC-dextran molecule (500 kDa) to provide an
upper threshold for the type of biomolecules that could be secreted. Typical growth factors are
much smaller (~5-10 kDa), while cytokines and hormones are even smaller. As such, it is
anticipated that the diffusion time for these biomolecules will be much lower (~6-10 hours).
Additionally, the simulations did not account for any consumption terms for the biomolecules
being processed by the top and bottom chamber cells. However, these studies were sufficient to
support the claim that mass transfer did occur between the two culture chambers in the device. The
second set of simulations focused on the mass transfer of oxygen into the bottom culture chamber.
These simulations were important as many studies with confined chambers to culture cells suffer
from reduced oxygen levels leading to hypoxia. For this simulation, the static ambient air was
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modeled to diffuse through the agarose membrane (Fig. 3.2 B). The z value of 7 indicates that the
diffusion begins from the agarose membrane at the height of 7 mm, which is the total distance
from the bottom of the dish (z = 0) to the bottom of the agarose slab. An approximate steady-state
was observed at ~8 hours, confirming that the cells in the bottom chamber would not be exposed
to the hypoxic condition. Moreover, these simulations assumed that the bottom layer was

Figure 3.2. Computational simulation of biomolecule and oxygen transfer across the agarose slab.
A) COMSOL simulation of the mass transfer of 500 kDa FITC-dextran from the bottom chamber
to the top chamber. B) COMSOL simulations showing oxygen transfer from the top chamber to
the bottom chamber at different height of 0 to 7 mm reaching a steady state within 24 hours.
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completely devoid of oxygen at the start of experimentation, which is not the case. As such, these
simulations support the claim that oxygen can diffuse through the agarose slab to supply the cell
culture in the bottom chamber with sufficient levels for growth and proliferation. As with before,
these simulations do not account for the consumption term of oxygen associated with cellular
metabolism; however, reaching a pseudo steady state provides sufficient evidence that mass
transfer of oxygen does indeed occur with the insert.
3.3.2 Experimental validation of biomolecule mass transfer across the agarose membrane
in the 3D-printed plate insert
To supplement the COMSOL simulations discussed in section 3.3.1, physical experimentation
of mass transfer across the agarose membrane was performed. This was achieved by studying the
accumulation of a fluorescent molecule in the top culture chamber as a function of time. For this
experiment 40 μM FITC-dextran (500 kDa) in 15 mL of dH2O was added to the bottom chamber
in a 10 cm petri dish. The assemble insert was then placed in the dish followed by the addition of

Figure 3.3. Experimental validation of mass transfer across the agarose slab. Experimental
measurement of the mass transfer of 500 kDa FITC-dextran of 20µM over 72 h experiment,
samples were drawn at each time point (0, 1, 2, 4, 8, 12, 24, 48, 72 h) and measured absorbance at
488 nm in a NanoDrop spectrophotometer.
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Figure 3.4. MDA-MB-231 cell growth and morphology in the 3D Insert. Cells grown on A) Single
tissue culture plastic (Control-TCP) and Poly-D-lysine treated agarose membrane on a TCP. B)
the 3D Insert-agarose (top) and 3D Insert-bottom (TCP). (C) Cell viability using Calcein AM
(green) and ethidium homodimer (red).
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10 mL of dH2O into the top chamber. Five 10 μL samples were collected at five distinct locations
in the top culture chamber at nine time points (0, 1, 2, 4, 8, 12, 24, 48, and 72 hours). The relative
amount of FITC in the top chamber was determined using a NanoDrop. The analyzed data (Figure
3.3) demonstrated that the amount of FITC-dextran in the top chamber increased as a function of
time following a logarithmic trend until a stable concentration of ~40 μM was achieved ~24 hours.
These results align with the COMSOL simulations and confirm that biomolecules can diffuse
across the agarose membrane in the plate insert to support the indirect communication between
two different cell types cultured on two layers.
3.3.3 Qualitative assessment of MDA-MB-231 cell morphology and viability in the 3Dprinted plate insert
It was necessary to confirm that cells grew and behaved the same in the 3D-printed plate insert
prior to co-culture experimentation. To achieve this, one experimental and two control conditions
were performed using MDA-MB-231 cells. The two control conditions consisted of cells plated
directly on the surface of the TCP dish or directly on the surface of agarose that had been layer on
the bottom of the TCP dish. The experimental condition consisted of the assembled plate insert
where cells were plated on the TCP in the bottom chamber and on the agarose in the top chamber.
Images of the cells were collected under each condition to evaluate and compare cellular
morphology and approximate changes in cell number. Representative images of triplicate
experiments are depicted in Figure 3.4 (A-C). The cells all exhibited the same mesenchymal
morphology associated with triple-negative breast cancer cells in the TCP control, the agarose
control, and in both chambers of the experimental plate insert experiment. These results are similar
to those we observed culturing the 231 cells on agarose in a microfluidic device (see Chapter 2).
This finding is also important because any observed changes in cellular behavior (e.g., growth,
morphology, genotype) should be due to the presence of a second cell type and not the 3D-printed
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plate insert. These images also support the notion that the cells were growing in the plates by a
relative increase in the number of cells. This qualitative assessment was supplemented with
quantitative growth rate studies using Alamar blue (see below section 3.3.4). Some efforts were
taken to manually count the cells in both the control and experimental conditions to provide some
insight into the respective growth rates of the cells. This manual counting approach was both
tedious and inconsistent due to human error. As such, the manually counting of cells was
abandoned abandoned in favor of the Alamar blue approach. In addition to studying cell
morphology, a terminal viability stain was performed to confirm that the cells were still alive after
72 hours of culture in the insert. As seen in Figure 3.4D, the majority of the cells cultured in the
Table 1. RNA Extraction from 10 cm petri dishes and plate inserts after harvesting of cells
Cell line

MDA-MB-231

Culture medium

TCP (Control)

Agarose (Control)

Insert-Agarose

ASC

Insert-Bottom TCP

Replication

RNA Extraction
260/280

260/230

1

2.08

1.62

1107.4

2

2.08

1.41

244.0

3

2.08

1.34

276.9

1

2.08

0.78

364.0

2

2.08

1.58

230.5

3

2.07

1.99

445.7

1

2.06

1.69

123.9

2

2.04

1.53

246.5

3

2.05

2.19

293.6

1

2.04

1.16

466.0

2

2.03

2.09

327.5

3

2.05

1.33

401.7
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Yield(ng/mL)

plate insert were alive after 72 hours. This result was the same in both the TCP and agarose control
experiments. This confirmed that the plate insert did not alter cell viability. In addition to studying
cell behavior in the insert, the preliminary studies allowed for the harvesting of cells to evaluate
the RNA yields for post-experimental analysis via PCR. The RNA extraction purity is measured
by the absorption ratio of the wavelength of 260/280 and 260/230. A ratio of ~1.8 is considered
pure for DNA, while ~2.0 is pure for RNA. The ratio of 260/230 is used as a secondary measure
of nucleic acid purity at the ratio of ~2.0. Our preliminary extraction of RNA qualified the primary
purity test while the secondary purity test needs to improve (Table 1). The RNA yield was also
higher in all instances than the required yield of 100 ng/mL.
3.3.4 Quantitative assessment of cell growth in the 3D-printed plate insert
The data presented in the previous section suggested the cells behave the same in the plate
insert as in traditional TCP dishes. However, a more quantitative study was needed to confirm
similar growth rates across both experimental and control conditions. To accomplish this, a smaller
version of the plate insert was designed and fabricated to fit into a 6-well plate. Typical approaches
to directly quantify cellular viability and growth utilize fluorescent stains coupled with well plates
and a fluorometric plate reader. Alamar blue is one of these stains that functions as a cell health
indicator by reduced resazurin (a blue dye) to resorufin (a red dye) in intact, healthy cells. The
reduced resorufin is highly fluorescent and proportional to the number of living cells that respire140
It is highly sensitive and provides direct information on both cell viability and number growth. In
terms of cell growth, the fluorescent signal generated by the Alamar blue assay can be normalized
against a baseline value (e.g., the fluorescent signal at 24 hours) to quantify cell growth directly.
To investigate cell growth in the 3D-printed plate insert, both experimental and control conditions
were repeated in the 6-well plates similar to as described above. Four separate 6-well plates were
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Figure 3.5. MDA-MB-231 cell growth in TCP, agarose, and 3D insert via Alamar blue assay. The
smaller version of 3- cm insert in 6-well plate was used for growth study using MDA-MB-231
cells where a 6-well plate was used as tissue culture plastic (TCP) for single culture as control and
TCP with agarose layer for single culture. The cell density was 50,000 cells for each well or insert
with 3 mL appropriate media in the bottom of the well and 2 mL media for the top of the insert
plate. All experiments were conducted in triplicates using Alamar blue assay at four time-points
of 24, 48, 72, and 92 hours.
used for 24, 48, 72, and 96 hour time points because the Alamar blue assay is a terminal assay.
Each condition was performed in triplicate to allow for statistical analysis with the average
fluorescent signals for each time normalized against the fluorescent signal for the 24 hour time to
allow for a direct comparison. As can be seen in Figure 3.6, there was a statistically significant (pvalue < 0.05) difference between the fluorescent signal for the 72 hour and 96 hour time points in
both the control (TCP and agarose) and experimental (plate insert top and bottom chambers)
confirming an increase in cells due to growth. Moreover, there was no significant difference in the
fluorescent signal between cell cultures on TCP versus agarose (Figure 3.6A) or between the top
and bottom chamber in the plate insert (Figure 3.6B). A similar statistical comparison was
performed between the 72 hour and 96 hour signals for the TCP control, agarose control, insert
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bottom layer, and insert top layer which was also found to be not significant. These findings
provide quantitative data that the growth rates for MDA-MB-231 cells were the same in both the
plate insert and the control plates. Moreover, the relatively small error bars in Figure 3.6 support
the claim of uniform plating and performance of the plate inserts across all well of the 6-well plate.
Finally, the growth rates observed for the MDA-MB-231 cells in the plate insert are similar to
those we previously found using a microfluidic approach (see Chapter 2). These findings confirm
that the plate insert and the agarose do not alter cellular behavior which supports its use for
dynamic co-culture applications between two different cell types.
3.3.5 Dynamic co-culture of triple-negative breast cancers with adipose-derived stem cells
(ASCs)
Once it was confirmed that the plate insert could support cell growth with no changes in cellular
behavior, the final test was to perform dynamic co-culture studies between two cell types. Our
prior work demonstrated that the co-culture of MDA-MB-231 triple-negative breast cancer cells
with ASCs results in increase growth rates and drug resistance. Based on this, we wanted to
confirm that both cell types could be cultured using the plate insert. The first experiment performed
was a single culture experiment with the ASCs to confirm that their morphology (and indirectly
behavior) was not altered due to being cultured on agarose and in the insert. A similar approach
was applied here as described above using both TCP and agarose controls and a plate insert
experimental condition (Figure 3.7A-C). These representative images confirmed a similar
morphology for the ASCs in all three conditions confirming that culturing the ASCs in the plate
insert did not alter cellular morphology. Finally, a co-culture experiment was performed by
culturing the ASCs in the bottom chamber and the MDA-MB-231 cells in the top chamber (Figure
3.7D). The qualitative imaging experiments support the ability to co-culture both cell types using
the plate insert. Moreover, a cursory evaluation of the cells suggests that the cells are indeed
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Figure 3.6. ASC cell growth and morphology in the 3D insert. Cells grown on A) Single tissue
culture plastic (Control-TCP) and Poly-D-lysine treated agarose membrane on a TCP. B) the 3D
insert-agarose (top) and 3D insert-bottom (TCP). (C) MDA-MB-231 on top of insert-agarose and
ASCs on the bottom of insert TCP. All images were collected every 24 hours during
experimentation. Data included here are representative images of the entire plate.
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growing during the 72 hour experiment, as evidenced by a greater number of cells in the 72 hour
time point. At the end of the experiment, both MDA-MB-231 and ASCs were harvested, and RNA
was extracted for subsequent analysis by PCR to identify changes in the cellular genotype. As we
found with the 231 only control, we were able to obtain sufficient amounts and purities of the RNA
for both cell types (Table 1). These findings support the use of the 3D-printed plate insert as a
novel approach for the dynamic co-culture of two different cell types. Moreover, additional studies
are underway repeating the quantitative cell growth experiment using Alamar blue to investigate
if the presence of ASCs enhances the growth rate of 231 cells and vice versa. Additionally, all of
the samples collected thus far are currently being process and run by PCR to provide a baseline
and experimental transcriptional change (231 only or ASC only) to identify specific changes that
are up/down-regulated due to the presence of another cell types. These studies will provide new
insight into the role that stromal cells play in cancer cell progression and drug resistance.
3.4 Conclusions
This chapter describes the design, fabrication, characterization, and use of a novel 3D-printed
plate insert to support the dynamic co-culture of two different cell types. The technology developed
in this chapter fills a gap in current co-culture approaches in that it provides sufficient cellular
yields for traditional biochemical interrogation of cells (e.g., PCR and Western Blot) coupled with
the ability to visualize the cells during experimentation continuously. The 3D-printed plate insert
is superior to the Transwell assay in many ways, including its ability to harvest cells for
downstream analysis, its ability to visualize cells during experimentation, and its ability to prevent
cellular invasion from the top chamber into the bottom chamber. The dimensions of two different
inserts were optimized to fit in either a 10 cm petri dish or a 6-well plate. Mass transfer (both
biomolecules and oxygen) was validated computationally and experimentally to confirm the
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exchange of paracrine signals between the cell types and that they were not experiencing hypoxia.
A series of control experiments were performed to confirm there was no difference in cellular
morphology, cellular growth, or cellular viability between the plate insert and TCP/agarose
controls. Finally, a proof-of-concept study was performed to demonstrate the ability to co-culture
triple-negative breast cancer cells (MDA-MB-231) and ASCs. Additionally, studies are currently
underway using the 6-well inserts to quantify changes in growth rates for the 231s and ASCs due
to co-culture conditions. Additionally, all of the cells harvested from the single and co-culture
experiments are being analyzed by PCR to identify changes in gene expression due to co-culture.
Finally, the data presented in the chapter supports the pilot studies using the plate insert. Future
studies are planning to explore further how different cell types in the TME influence cancer. These
studies will co-culture triple-negative breast cancer cells with a model immune cell type (THP-1
monocytes) to elucidate the role of immune cells in cancer progression and drug resistance.
Moreover, the plate insert technology is not limited to studying cancer. A future project is in the
initial planning stages to co-culture two different phytoplankton species to study how harmful and
non-harmful algal species outcompete each other in a harmful algal bloom.
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CHAPTER 4. A MICROFLUIDIC APPROACH TO QUANTIFY THE
DIRECTED 3D MIGRATION OF CANCER CELLS IN RESPONSE TO
OSCILLATING CHEMICAL GRADIENTS
4.1 Introduction
The directed migration of cells in response to extracellular cues governs numerous biological
processes, including wound healing, embryogenesis, and cancer metastasis. Cells can respond to
numerous competing directional cues, including gradients of soluble chemicals (chemotaxis),
ECM proteins (haptotaxis), ECM stiffness (durotaxis), temperature (thermotaxis), or electric fields
(electrotaxis).141,142 Cells will recognize these extracellular gradients through transmembrane
receptors allowing them to orient themselves in the gradient's direction to induce a migratory
response. In the TME, cancer cells are exposed to multiple spatial and temporal gradients that drive
EMT, followed by the directed migration of single cancer cells away from the tumor and the
vasculature in the first metastasis steps.57 Chemotaxis has been the most prominently studied mode
of directional migration of metastatic cancer cells in the TME, resulting in the long-distance
migration away from the tumor.143 Wyckoff et al. demonstrated that injecting EGF near a tumor
resulted in the directed migration of cancer cells up the chemical gradients and away from the
tumor.32 Subsequent studies have shown that SDF1-α and EGF secreted by CAFs and PDGF
secreted by the immune cells in the TME create gradients that induce a chemotactic response in
cancer cells over short length scales with steep chemical gradient.60 Interestingly, cancer cells
have been found to lose the ability to sense external chemical gradients under high chemoattractant
concentrations once they reach a saturation point, which can limit long-range chemotaxis.144 One
potential explanation for how cancer cells can achieve long-range chemotaxis during the early
stages of metastasis is that they respond to temporal oscillating gradients of chemoattractants
released by stromal and immune cells to extend their directional migration. This has previously
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been demonstrated by the amoeba Dictyostelium discoideum (Dicty), which exhibits enhanced
long-range chemotaxis by the temporal pulsing of the chemoattractant spatial gradient.118,145 To
date, there have been no studies examining the effects of oscillating chemical gradients on the
chemotactic response of cancer cells.
Several approaches have been developed to study the tactic movement of cancer cells in
2D environments;146,147 however, recent studies have found that cell signaling and cell movement
in 3D environments differ from those in 2D environments because those studies cannot recapitulate
the spatial and temporal cues encountered by cells in 3D environments.58,148 In a 3D
microenvironment, a cancer cell is stimulated by chemical gradient, which results in protrusion
towards the chemical source via asymmetric excitation of cofilin leading to asymmetric actin
polymerization at the leading edge of the cells coupled with global activation of LIMK1 (a protein
that helps to control actin filaments) resulting in locomotion to the direction of the source.57,149
The molecular mechanisms in cancer cells in 3D migration mostly involve mesenchymal
migration. Cells use the microtubule-center to perform proteolytic action to remodel the ECM in
their locomotion and adhere to ECM by focal adhesion of integrin receptor.65 In fact, several recent
studies have demonstrated that 1D migration more closely mimics the 3D migration of cancer cells
over traditional 2D approaches. 150 This is because cancer cells that migrate in a 3D matrix often
align themselves on collagen fibers as they move through the TME. Traditional methods to study
cell migration (e.g., Transwell assay, Boyden chamber, micropipette) are not suited to study the
3D migration of cells. Conversely, microfluidic devices have been a promising method to study
3D cellular migration.
Kim et al. studied how triple-negative breast cancer cells (TNBC: MDA-MB-231) were
regulated by single or cooperative function of simultaneous EGF and SDF-1α gradients that
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modulated the motility of cancer cells in 3D environments to drive cellular directed invasion. The
microfluidic device had narrow channels patterned on an agarose hydrogel for cell seeding and
media infusion. In a similar work, Truong and colleagues used a microfluidic device to quantify
the invasiveness in a 3D cell-embedded hydrogel matrix of MDA-MB-231 cells and CAFs exposed
to a unidirectional gradient of EGF.151 Their device created a stable gradient of EGF in the
microfluidic compartment. Cancer cells were surrounded by a stromal matrix where cell
morphology and the tensional homeostatic effect of encapsulating cancer cells in 3D hydrogels
were investigated. This study presented the response of cancer cells to a stable gradient of
chemoattract. Haessler et al. developed an agarose-based microfluidic device to allow for the
diffusion of biomolecules to study the chemotactic response of dendritic cells in a 3D collagen gel.
This device was characterized by the stable gradient generation of chemoattractant and
demonstrated that the chemoattractant diffused from the outer channel to the center cell channel
through the agarose layer.99 Lin et al. demonstrated a microfluidic device mixer module combined
with a gradient generating network to create different gradient shapes by controlling input flow.152
This device was a preliminary microfluidic device with the potential to create linear and non-linear
temporal and spatial gradients. They demonstrated the temporal and spatial gradient generation
using FITC-dextran but not using any cells. Song et al. later modified this device to elicit a pulsatile
EGF gradient to stimulate cells varying temporal gradients.153 The device was able to create a
dynamic flow of concentration by mixing flow through different inlets via manipulating the
pressure of the pump. The device studied the trajectories of migrating fibroblast cells in response
to the dynamic gradient of PDGF; however, this device was limited in that it only studied 2D
migration due to the need for the passive diffusion of biomolecules in the flow-based serpentine
channels. While these microfluidic devices have allowed for an increased fundamental
68

understanding of cancer cell migration, they either focused on 3D migration to stable temporal
gradients or 2D migration studies to oscillating temporal gradients. There have been no studies
investigating the combination of the two to provide insight into how cancer cells can break the
spatial limitations of chemotaxis to traverse the distance between the tumor and nearby
vasculature.
The goal of this work was to develop a microfluidic device that (1) supported the 3D migration
of triple-negative breast cancer cells (MDA-MD-231) and (2) allowed for the oscillating of
extracellular chemical gradients to switch between ‘on’ and ‘off’ positions. In this device, the ‘on’
position is a stable chemical gradient, whereas the ‘off’ position is the completely erased chemical
gradient to study cancer cell memory and how it can potentially enable cancer cells to break the
spatial limitations of chemotaxis. The microfluidic device consists of three parallel channels
imprinted into the top PDMS device coupled with a bottom 3% (w/v) agarose slab enclosed in a
Plexiglas chamber. The bottom agarose hydrogel allows for passive diffusion perpendicular to
flow in the outer two channels into a center, ‘flow-free’ migration channel. A constant source
solution with a chemoattractant was infused into one of the outermost channels to induce a linear
chemical gradient across the migration channel. Time-dependent gradient oscillation was
controlled by tuning the source solution flow rate between ‘on’ and ‘off’ for a defined time. The
flow rate of the outer channels could be modulated to build and erase gradients allowing for
temporal control over the device's gradient. COMSOL simulation confirmed the oscillating pattern
chemical gradient in the device. Fetal bovine serum (FBS) was used as a chemotactic source to
induce the directed migration of the TNBCs .154,155 An oscillating gradient was generated using
20% FBS serum infusing through the agarose across the microfluidic channel according to the
COMSOL simulation. 231 cells were seeded with collagen-1 in the center channel exposed to the
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oscillating gradient. Migrating cells were tracked down and analyzed the biophysical parameters
of chemotaxis: forward migration index (FMI) and directness. The results demonstrated that the
chemotactic memory of MDA-MB-231 cells was regenerated by responding to the oscillating
gradient of 20% FBS when the gradient was re-created after erasing in the middle of the
experiment.

Figure 4.1. Design of the microfluidic 3D migration device to establish oscillation. (A) Top view
of the device showing the geometry and channel spacing of the fluidic channels. All channels are
600 µm wide with a contact length of 10 mm and a height of 150 µm. The spacing between the
media channels and the culture channels is 200 µm to facilitate media diffusion. (B) Side view of
the device showing three channels. (C) Image of completely assembled device with tubing,
Plexiglas, and agarose.
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4.2 Materials and methods
4.2.1 Cell culture and reagents
The triple-negative breast cancer cell line MDA-MB-231 was used in all 3D migration
experiments. All reagents and culture procedures are described in section 2.2.2. 20% FBS media
(Avantor Seradigm, USA) supplemented in DMEM media for gradient generation. Collagen I (rat
tail, Corning, USA) was used to mimic the 3D cellular environment at a final concentration of 2
mg/mL in the device.
4.2.2 Microfluidic device design and fabrication
The microfluidic device consists of three parallel fluidic channels imprinted into the top layer
PDMS coupled to a bottom layer of 5 mm thick agarose by an external Plexiglas housing (Figure
4.1A-C). All fabrication and assembly steps were performed as described in section 2.2.1, 2.3-4).
All device parameters were the same in the three-channel device described for the four-channel
device in Chapter 2 except the total number of culture channels as the migration studies only
required a single, center ‘flow-free’ culture channel. The three-channel device is capable of
creating a perpendicular chemical gradient within the flow-free central channel where the cells are
embedded within a hydrogel consisting of collagen I. The outer flow channels are used as both
source channels (containing 20% FBS) for random migration studies or as source (20% FBS) and
sink (no serum) channels for chemotaxis experiments. The dimensions of the fluidic channels were
selected based on the potential to form stable chemical gradients with a steepness that have been
shown to elicit a chemotactic response in TNBCs. The width of all three fluidic channels was 600
μm, with the three channels separated by200 μm of PDMS. The total length and height for the
three channels were 10 mm and 150 μm, respectively.
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4.2.3 Device assembly and cell preparation in 3D collagen
Prior to experimentation, the microfluidic device was assembled and primed in a biosafety
hood to ensure sterile operating conditions. The PDMS device was sterilized by 70% ethanol while
all of the tubing used during experimentation was autoclaved. A sterile slab of 3% (w/v) agarose
was excised from a petri dish and placed beneath the PDMS device. The two layers were contained
in a custom Plexiglas chamber to ensure fluid tight channels. Prior to cell seeding, the device was
primed for one 1 hour with media in the biosafety hood. During device priming, the 92 µL collagen
gel was prepared by adding 2 µL of 1M NaOH to neutralize the pH on ice to prevent the gel from
polymerizing. Once the microfluidic device was primed, a cell suspension of 1x106 cells/mL was
resuspended in complete media. Then 306 µL of the cell suspension was supplemented with 92
µL collagen to achieve a final volume of 400 µL. The cell suspension was mixed thoroughly by
micropipette to ensure homogeneity and while simultaneously preventing bubble formation. The
suspension was collected in a 1 mL syringe wrapped with ice using a parafilm piece to prevent
early gelation. The cell suspension was injected into the device in the center channel using a
syringe pump at a rate of 2 µL/min for 5 minutes. The pump was kept vertical during cell infusion
to allow any bubbles in the syringe to collect at the top, away from the inlet port of the microfluidic
device. After cell injection, the cell-laden device was incubated at room temperature for 20 min
and then at 37°C for 20 min. The device was inverted every 2 minutes for the 20 minute incubation
at room temperature to prevent the cells from settling on the bottom of the channel prior to the
gelation of the collagen I. The flow of culture media through the device was then established at a
rate of 12 μL/min once the device was relocated to the incubator, which operated at 37°C and 5%
CO2. Cells were allowed to attach and spread in the collagen matrix within the device for 24 hours
in the incubator, where the media was supplemented with 10% calf serum. The media formulation
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was then altered for a second 24 hour incubation period, now supplementing the cells with 5% calf
serum to achieve a serum starvation period to make the cells more responsive to the 20% serum
gradient during experimentation.
The device was then transferred to the stage of a Leica DMi8 fluorescent microscope with a
custom-built temperature control chamber. A box made of Plexiglas was designed and constructed
around the microscope to maintain an internal temperature of ~37°C, while the humidity was
maintained in the temperature chamber by positioning a water dish inside the temperature chamber
(Figure 4.2). The heat was supplied to the temperature chamber by a hairdryer connected to a
potentiostat to regulate the power (and heat) infused into the chamber. The temperature was
monitored using a digital thermocouple probe (Leaton, China). For a random migration
experiment, the device was supplied with culture media supplemented with 20% FBS in both the
outer flow channels via syringe pump at a rate of 12 µL/min for 20 hours. The oscillatory migration
experiment was set up by infusing culture media supplemented with 20% FBS in one outer channel
for the first 10 hours of experimentation. The other flow channel was infused with serum-free
culture media. The gradient was ‘erased’ for 2 hours by swapping the 20% FBS syringe with
serum-free media. After the 2 hours ‘off’ period, the 20% FBS syringe was then replaced in the
system for another 10 hours to re-establish the chemical gradient. Images were collected every 4
minutes in a 22-hour time-lapse migration experiment using phase-contrast (brightfield)
microscopy in the Leica DMi8 microscope (Leica microsystems), equipped with a digital CMOS
camera C11440 (Hamamatsu Photonics K.K.) and LAS X software 3.3.0 over a fixed focal plane.
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4.2.4 Experimental characterization of the chemical gradient in the device using 6 kDa
FITC-dextran
Experimental characterization of the chemical gradient within the 3-channel microfluidic
device was performed using fluorescent microscopy. Mass transfer characterization experiments
started with an assembled device placing under the microscope. The gradient was visualized using
fluorescein isothiocyanate FITC, a green, fluorescent molecule conjugated to 6 KDa dextran
(Sigma, USA). The 6 kDa-sized dextran was selected due to its similar size to growth factors
associated with TNBC chemotaxis (e.g., SDF-1α is 8 kDa, and EGF is 6 kDa). FITC-dextran (10
mM) was flowed through the top channel, acting as the source, and DI water was flowed through
the bottom channel, acting as the sink. The development of the mass transfer gradient was
visualized using fluorescent microscopy by collecting images every three minutes for a total of
eight hours. After the experiment ended, the images were collected and analyzed with the Leica
software by taking a line scan across the width of the center channel (600 μm) to collect the

Figure 4.2. Custom-built temperature control box with microscope. (A) Left side of the
temperature control box, containing two holes for inserting tubing that are covered with rubber
stoppers while not in use to prevent heat loss and a hole for the camera to fit through; (B) front
view of temperature control box, the whole box is in two pieces that fit around the microscope;
(C) right side of temperature control box, containing hole for tubing connected to heating unit (hair
dryer), sliding door for stage control and focusing during an experiment, and removable top to
access stage.
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fluorescent intensity values across the width of the ‘flowfree’ channel. The similarity in size of the
fluorescent molecules should closely mimic the diffusion of the expected chemoattractants while
allowing the fluorescence to be detected using a fluorescent microscope. The DMi8 inverted
microscope was used to image and analyze fluorescent signals. The excitation/emission filters
(Chroma Tech. Corp) were used as FITC (excitation: 440-520 nm and emission: 497- 557 nm) and
rhodamine (excitation: 536-556 nm and emission: 545-625 nm).
4.2.5 Numerical simulations of the chemical gradient in the microfluidic device
COMSOL simulations were performed similarly, as described in section 2.2.2. The
concentration of chemoattractant in the top source channel was specified as 40 nM. COMSOL uses
the continuity equation and Ficktian diffusion to simulate the mass transfer within the fluid and
through the agarose. Concentration data were collected with respect to both space and time across
the culture channel by performing a line scan across the width of the center channel. The first set
of simulations utilized a stable concentration gradient for the entire 20 hours experiment to confirm
the mass transfer in the device and its ability to generate a chemical gradient by simulating the 40
nM chemical source in one outer channel and no biomolecule in the other outer channel. A second
simulation was performed to demonstrate the capability of the device to erase and re-establish the
chemical gradient. This was achieved by simulating the 40 nM biomolecule in the outer channel
for 10 hours, no biomolecule for 2 hours, and then the 40 nM biomolecule again for 10 hours. For
the entire 22 hours simulation, the other outer channel did not contain any biomolecule.
4.2.6 Biophysical analysis of migrating cells in the microfluidic device
After experimentation, the experimental time-lapses were analyzed using two different
computational tools first to track the cells and then analyze their migratory behavior. First, singlecell trajectories were obtained using a Manual Tracker plug-in (Fabrice Cordelières, France) for
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ImageJ (NIH). Next, the tracked cells were quantified for their migration characteristics in terms
of directness and forward migration index (FMI) using the chemotaxis and migration tool Ibidi
(Integrated Bio Diagnostics, Germany). The migration trajectories of 231 cells were also created
by transforming the obtained coordinates from Image J to a center (0,0) to show the cell migration
from a common point via the Ibidi tool.

Figure 4.3. Measurement of migration parameters. The red dotted line shows the total trajectory
of a cell while the blue line indicates the displacement of cell. Distance along y-axis represents the
distance towards the gradient.
In quantifying the chemotactic response of migrating cells, an essential parameter is the FMI,
which measures the cell migration to the direction parallel to the chemical gradient. The higher
FMI value corresponds to a more pronounced chemotactic effect on the migrating cell. The FMI
is calculated by the distance from the x-axis (perpendicular to the chemical gradient) to the
accumulated traveling distance of the cell with respect to its endpoint (Figure 4.3). For this
analysis, the y-axis was considered parallel to the chemical gradient. Directness is the measure of
‘straightness’ or fidelity of the migration, which is the displacement ratio to the accumulated
trajectory length. This metric provides insight into how well the cell migrated up the gradient
without any spatial or temporal deviation. Both FMI and directness were computed at 4 min
intervals for the duration of the experiment, with the values being compiled into heat maps to
visualize changes. The migrating cells were ranked according to their chemotactic performance
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using both FMI and directness. An equivalent uniform scoring matrix was established where
values of FMI or directness were split into five weighted groups. For example, directness values
of migrating cells below 0.15, 0.15-0.29, 0.3-0.45,0.45-0.6, and above 0.6 were multiplied by 0.1,
0.2, 0.3, 0.4, 0.5, and the summation was used to distinguish the migratory cells via ranking. The
maximum value of directness is 1. Cell speed was also measured using the displacement of the cell
over time. In total, 22 single cells were tracked manually during the time course of the migratory
experiment.

Figure 4.4. Mass transfer characterization using FITC-dextran. (A) Montage of fluorescent images
during gradient characterization in three-channel device. Concentration gradient forms across the
middle channel as FITC-dextran diffuses from the top source channel to the bottom sink channel.
(B) Plot of fluorescent intensity values through the center channel in the three-channel device.
Intensity values were reported from the microscope software (LEICA), and a channel position of
0 μm corresponds to the side nearest the sink channel whereas a channel position of 600 μm
corresponds to the side nearest the source channel. A distinct linear gradient can be seen across
the channel. The white vertical line represents the line scan across the channel at 6 hours.
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4.3 Results and discussion
4.3.1 Experimental and computational validation of mass transfer in the microfluidic
device to generate stable and time-resolved chemical gradients
Mass transfer within the 3-channel, two-layer microfluidic device was characterized by
experimental using fluorescent microscopy and a visual tracer (6 kDa FITC-dextran) to visualize
gradient formation for 24 hours period. The FITC-dextran fluorescent tracer's leading edge was
found to increase orthogonal to the culture channel as a function time as would be expected for
unsteady mass transfer (Figure 4.3A). While the fluorescent microscopy images are an effective
qualitative tool to visualize a chemical gradient, they cannot provide accurate insight into the shape
of the gradient nor the stability. Orthogonal lines scan across the 600 µm width of the device (white
line in Figure 4.4A) were performed at seven different time points to quantify the shape and
stability of the gradient. The fluorescence intensity across the channel was plotted against the
vertical distance. A position of y = 0 µm corresponds to the further position in the channel away
from the chemical source and a position of y =600 µm indicates the position in the channel closest
to the chemical source. A linear gradient was observed across the culture channel within ~3 hours
that reached an approximate steady-state within ~6 hours (Figure 4.4B). These findings are similar
to our prior work (see Chapter 2) in addition to similar ‘flow-free’ devices described in the
literature.76 Additional line scans were performed at times point greater than 8 hours; however,
they all resembled the same trend at the 8 hour time point and were thus removed from the chart
to make visualization easier. One challenge that occurred during gradient characterization was the
translation of the fluorescence intensity (in AU) to approximate concentrations of the FITCdextran. Typically, the relationship between fluorescence intensity and concentration is a
proportional one that can be modeled by a linear calibration curve. Unfortunately, we were not
able to generate such a curve due to the diffusion of the FITC-dextran in the z-direction. While the
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FITC-dextran did diffuse in the y-direction across the channel, it was also observed to diffuse
down into the hydrogel. While diffusion in the y-direction had a near-infinite sink that prevented
any accumulation, the z dimension did not have this. As a result, we observed a slight increase in
the fluorescence due to a background signal that made it difficult to quantify the concentration
profile in µM units precisely. An additional off-chip experiment was performed with agarose in
96 well plates, and a similar trend was observed (data not shown). The potential accumulation term
is only of concern for the fluorescent biomolecules that are not metabolized by cells. The actual
chemoattractants used during chemotaxis experiments will be consumed within the channel, so it
can be assumed that there will be no concentration profile in the z-direction during actual
experimentation. These findings support the use of the microfluidic device and its ability to
generate stable chemical gradients.
4.3.2 COMSOL simulation quantified the mass transport within the microfluidic device
in oscillating gradient
COMSOL simulations were performed to simulate mass transport to further characterize mass
transfer in the device in addition to approximating the time needed to erase the chemical gradient
to facilitate the oscillating gradient experiments. A numerical simulation was performed similarly
in scope that the experiment described in section 4.3.1 with a 40 nM model biomolecule being
supplied to the device for 24 hours period. Similar to the experimental conditions, spatial line scans
were collected across the width of the cell culture channel, which was then plotted to quantify the
concentration profile in the device (Figure 4.5A). The results from the COMSOL simulation nicely
mirror the experimental conditions with respect to both the shape of the concentration profile but
also the approximate time to reach a steady state (again ~8 h). These findings further validate mass
transfer in the device and the ability to generate a stable chemical gradient. Additional line scans
were performed in the culture channel to investigate any potential concentration profiles in the z79

direction. A vertical line scan showed a near-uniform concentration across the height (z dimension)
of the channel. This confirms that there is no z effect in the channel to cause concerns with the
spatial distribution of the cells across multiple positions in the 150 µm tall channel. The second
set of simulations were then performed in the cell culture channel to determine the time needed to
erase and recover a chemical gradient. For this simulation, 40 nM of a model biomolecule (EGF)
was infused into the outer source channel for 8 hours (‘ON’), followed by 2 hours of flow in the
source channel with no biomolecule (‘OFF’), followed by 8 hours of flow with EGF again (‘ON’).
As with the prior simulation, the EGF gradient reached a steady state within ~8 hours; however,
the gradient was nearly completely erased with 1 hour during the ‘OFF’ periods (Figure 4.5B-C).
As expected, resuming the infusion of EGF re-established the chemical gradient, which reached a
steady state in ~6-8 hours. A plot of channel midpoint position versus time shows the EGF
concentration reaching this steady state, erasing, and then reaching a second steady state by
changing the composition of the source channel between the ‘ON’ and ‘OFF’ positions (Figure
4.5B). These findings confirm the ability to generate oscillating gradients in the device and identify
a 2 hours period as a sufficient duration to erase a chemotactic gradient. Unfortunately, the
oscillating experiments could not be performed experimentally due to the accumulation of the
FITC-dextran in the agarose hydrogel, which made it nearly impossible to determine if the FITCdextran concentration in the culture channel was approximately zero.
4.3.3 Biophysical analysis of random and directed migrating of MDA-MB-231 cells in a
microfluidic device
4.3.3.1 Computation of single cell trajectories random and directed migrating cells
Random migration experiments (e.g., in the absence of a chemical gradient) were first
performed to compute baseline parameters for MDA-MD-231 cell migration in the microfluidic
device. For this experiment, both the source and sink channels contained complete media spiked
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Figure 4.5. COMSOL simulation of stable gradient and an oscillating gradient of EGF in
microfluidic device. (A) Concentration gradient across the channel under stable constant source of
EGF. (B) Quantification of the EGF concentration profile across the 3D cell culture channel when
the top source channel contained (or did not contain) EGF, which erased and recreated the
concentration gradient. (C) heat map of the COMSOL simulation denoting ON and OFF timepoints when EGF supplied or not supplied.
with 20% FBS (Figure 4.6 A). A number of cells were found to migrate within the channel with
no clear bias to directionality, as expected with random migration experiments. In oscillation
gradient experiments, the top (source) channel was supplemented with 20% FBS, which was
removed after 10 hours to erase the chemical gradient for 2 hours, followed by re-establishing the
gradient for another 10 hours. The montage Figures 4.6 A(i) and B(i) demonstrates the direction
and presence of cells at 4 hours and 16 hours in random and oscillating gradient during the 3D
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migration. The majority of cells exhibited a mesenchymal phenotype, while few of them switched
to amoeboid migration in the trajectory of migration. This is not uncommon in tumor cell
locomotion.150 The colored arrows pointing to individual cells represent the direction and position
of the cells in the microfluidic channel where cells in random and oscillating gradient migrated in
both x and y- directions, where y is the direction parallel to the gradient. Single cell tracking was
achieved using ImageJ and Ibidi software to demonstrate a net difference in trajectory between
random and directed migration (Figures 4.6A(ii) and 4.6B (ii). The plots demonstrate that the
trajectories of cells in oscillatory gradient are more closely aligned with the y-axis, which is
parallel to the direction of the FBS gradient, confirming a chemotactic response. Conversely, the
migratory pattern of cells in the random migration experiment did not have a prominent response,
with cells moving equally in both the x- and y-directions. This response is representative of random
cellular migration, which has been reported by several groups.151,156,157 The center of mass (net
average) of the group of cells was identified and denoted in the plot as a green dot, which is located
towards the y-direction in oscillation gradient and a bit shifted from the y-direction due to random
moving in the random gradient. These findings support the ability to study cell migration in the
microfluidic device and that the breast cancer cells do exhibit a chemotactic response to the 20%
FBS chemoattractant. However, overall cellular trajectory studies do not provide much insight into
how the cells respond to time-resolved oscillating gradients. This requires additional biophysical
analysis using specific metrics of chemotaxis.
4.3.3.2 Quantification of cancer cell directedness and chemotactic fidelity in response
to oscillating chemical gradients
The directness of migrating cells measures the cell straightness in a particular direction,
while the FMI value determines the fidelity of cellular migration towards the gradient. FMI has
also been referred to as a chemotactic index as it monitors not only cell migration but the response
82

of the cells to the external chemical gradients. Both of these factors are considered as two standard
metrics when quantifying the chemotactic response. The analyzed data on both biophysical
parameters demonstrate that the cells respond differently in directed migration under oscillating
gradient compared to the random gradient (Figure 4.7 A-B). The heat maps distinguish three
separate groups of cells based on their chemotactic performance, as described in the 4.2.6 section.
These three groups were categorized as top, medium, and poor rank from their score above 90%,
70%, and 50%, respectively. Top-ranked chemotactic cells exhibited a prominent migration
response to the FBS gradient, whereas poor-ranked cells were found not to have a strong response
to the gradient. Cells in the ‘top’ category are located at the top of the heatmap, whereas ‘poor’
cells are located at the bottom of the heatmap (Figure 4.7). As expected, there were no significant
trends in the random migration cells, with the majority of the cells have low scores in both
directness and FMI (Figure 4.7A). Interestingly, there were a small number of cells that did appear
to migrate in the y-direction towards one of the channels, but this same number of cells were found
to be migrating in the x-direction. These findings support what has been published in the literature
for randomly migrating cells. An interesting trend was observed in the cells exposed to the
oscillating gradient. During the first 10 hours of experimentation, we observed three distinct
populations of migrating cells, with some exhibiting a strong chemotactic response while others
exhibited a weak chemotactic response (Figure 4.7B). This trend has been observed in the literature
as single migrating cells respond differently to external gradients due to cellular heterogeneity.
Once the gradient was erased (hours 10-12), the majority of the cells exhibited a decrease in both
FMI and directness, as indicated by mostly blue values in Figure 4.7B. Turning off the gradient
also appeared to a more prominent effect of directness over FMI (see upper 50% of cells in Figure
4.7B(ii) having a higher number of white boxes). This can be interpreted as the cells having some
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degree of memory of the chemical gradient and trying to migrate up the path that no longer existed
due to the gradient's removal. Once the gradient was turned back on (> 12-hour time point), we
observed a marked increase in directness and FMI in the cells. However, this increase was not
uniform for both metrics. While we did see some recovery of cellular directness, the majority of

y
x

Figure 4.6. Migratory cells in different hours and their trajectory profile in random migration and
oscillating migration. Cell migration was manually tracked by a manual tracker plug-in in Image
J and processed via IBIDI migration tool by transferring the co-ordinates to the origin (0,0) in (A)
Random migration (B) Oscillating migration. Figure in (i) of A and Bare the images taken at 4hour
and 16 hours to show the migrating cell with respective direction with color. Figure (ii) of both A
and B represents the trajectories of cells from the same origin. The green dot represents the center
of the mass of the cells.
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the migrating cells were found to have a lower overall directness score after the gradient was reestablished (the blue box at higher time points in Figure 4.7B(ii)). Conversely, we observed a more
consistent recovery of the FMI metric in the migrating cells once the gradient was re-established,
with this trend being the strongest in the ‘top’ category of cells. However, these high-performing
cells were found to have a time-dependent decrease in their FMI score, suggesting that they either
lost their chemotactic memory or reached a saturating concentration, which prevented them from
sensing the gradient. The ‘medium’ category of cells provided a quite interesting result. During
the first ‘on’ period, many of these cells had higher FMI scores, whereas during the second ‘on’
period. the majority of these cells had a lower overall FMI score. This suggests that this cohort of
cells either lost their memory of the gradient or were unable to sense the gradient once it was reestablished. This supports the notion of some cancer cells being unable to break spatial limitation
during a chemotactic response. The cells in the ‘poor’ cohort did not respond to either ‘on’ gradient
suggesting their inability to sense the gradient. Finally, we wanted to evaluate if there was a
correlation between the directness and the FMI of the migrating cells. In the oscillating gradient
experiment, the rank of the same cells in the ‘top’ bin for each category highly consistent, with
~85% of the cells scoring high in both directness and FMI measurements. Overall, these findings
support a strongly heterogeneous response across the population of breast cancer cells to
oscillating chemical gradients. We observed three distinct subpopulations with respect to the
chemotactic response: (1) a group of cells that responded to the gradient, slightly remembered the
gradient, and then re-established their response once the gradient was restored, (2) a group that
initially responded to the gradient then lost response once the gradient was erased and only weakly
responded once the gradient was resumed, and (3) a group of cells that mostly did not respond to
the gradient. These three different cohorts, identified by both directness and FMI, support the
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notion that only a small number of cancer cells, will actually migrate away from the primary tumor
to initiate the metastatic cascade.

Figure 4.7. Biophysical analysis of migrating cells in random and oscillating gradient. Cells were
ranked according to their chemotactic performance, where they were categorized as top, medium,
and poor according to the score above 90%, 70%, and 50%of their total weighted score. Both top
and medium ranks were limited to about 75% of the cells. Directness was measured by the ratio
of displacement and trajectory length. Forward migration index (FMI) was calculated by the ratio
of measured distance parallel to gradient to the trajectory length. (i)Directness and (ii) FMI values
are ordered according to top to poor rank for (A) cell migration in random gradient (B) cell
migration in oscillation gradient. Two white lines represents the ‘off gradient’ from 10-12 hour.
Red bar represents the approximate ranked cell position for B(i) and B(ii).
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4.4 Conclusions
In this chapter, a three-channel, two-layer microfluidic device was fabricated that was capable
of tracking the single cell migration of breast cancer cells in a 3D microenvironment exposed to
oscillating chemical gradients. The results showed that the chemotactic memory of the
subpopulation of MDA-MB-231 cells was re-established when the gradient was re-created after
erasing in the middle of the experiment. The FMI and directness were correlated in the top-ranked
chemotactic cells. Additionally, biophysical analysis is required to examining the effect of the
gradient itself both in terms of intensity and steepness to elucidate further the factors that separate
the ‘top’ migrating cells from the rest of the population. Nevertheless, these findings provide new
insight into cellular memory and suggest new extracellular criteria in the factors that can induce
the initial steps of metastasis.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORKS
5.1 Conclusions
The studies of heterotypic cellular communication in the microenvironment are essential to
provide a greater fundamental understanding of cancer, which will ultimately aid in diagnosing
and treating cancer. This can be achieved by designing and using novel co-culture approaches to
interrogate how cancer cells interact with neighboring cells. The most common approach, the
Transwell assay, has several drawbacks that we sought to overcome by developing two new
approaches to co-culture breast cancer cells and ASCs described in chapters 2 and 3. These
approaches were used to understand better how ASCs influence cancer progression and drug
resistance. The interdisciplinary approach helped to (i) elucidate the impact of ASCs on cancer
cell growth, proliferation, morphology, and drug resistance, (ii) provide sufficient cellular yields
for traditional biochemical interrogation of cells (e.g., PCR and Western Blot), and (iii)
continuously visualize the cells during experimentation. A two-layer four-channel microfluidic
device was developed to allow the continuous co-culture of two distinct cells and passive diffusion
of biomolecules between culture channels. The device was advantageous by overcoming the
constraints associated with other platforms, such as medium depletion, waste accumulation, and
shear effects. Biophysical studies established a role for ASCs in enhancing cancer cell invasiveness
by promoting MDA-MB-231 cells to adopt a more aggressive morphology and their physical
alignment towards ASCs as the first step in the invasion. Drug studies with Paclitaxel confirmed
the role of ASCs in cancer cells' drug resistance during cancer treatment. The microfluidic device
offers the potential for the dynamic co-culture studies of multiple distinct cell types coupled with
on-chip analysis (e.g., visual inspection of cell morphology and cell number and terminal
immunostaining); however, the microfluidic approach was unable to supply ample cells for post88

experimental analysis using PCR or Western Blotting. This led to the development of a new
approach to study cellular co-culture (chapter 3). A novel 3-D printed plate insert was fabricated
to fill the gap in current co-culture approaches superior to the transwell assay in the way it provides
sufficient cellular yields for post-experimental analysis. Two different inserts were fabricated to
fit in either a 10 cm petri dish or a 6-well plate to harvest cells or growth study, respectively. The
plate insert incorporated an agarose hydrogel to create two distinct culture regions that allow for
the visualization of cells during experimentation while preventing cellular invasion from the top
chamber into the bottom chamber. The inserts function by physically separating, yet chemically
connected, the two cell types and allow for the mass transfer of biomolecules between the top and
bottom layer. Mass transfer (both biomolecules and oxygen) was validated computationally and
experimentally to confirm the exchange of paracrine signals between the cell types and that the
cells were not experiencing hypoxia. The approach is user-friendly, inexpensive, and allows for
dynamic co-culture conditions. Control experiments resulted that there was no difference in
cellular morphology, cellular growth, or cellular viability between the plate insert and TCP/agarose
controls results, while co-culture experiments of MDA-MB-231 and ASCs confirmed the ability
of the insert to co-culture.
Chapter 4 delivered a three-channel, two-layer microfluidic device capable of tracking the
single-cell migration of breast cancer cells in a 3D microenvironment exposed to oscillating
chemical gradients. The results showed that the chemotactic memory of MDA-MB-231 cells was
regenerated when the gradient was re-created after erasing in the middle of the experiment.
Migrating cells were divided into categories of top to poor according to their chemotactic response.
The biophysical indices of chemotaxis demonstrated that FMI and directness were correlated in
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the top-ranked chemotactic cells. The same group of cells showed a higher score in directness and
migration up the gradient source.
5.2 Future works
The 3D-printed insert plate insert has numerous applications beyond the study of cancer cells.
Future projects are in the development stages to study two different phytoplankton species found
in harmful algal blooms to investigate how these algal species outcompete each other in a harmful
algal bloom in an aquatic environment. The microfluidic approach developed in Chapter 4
provided new insight on the chemotactic response of breast cancer cells to time-resolved
oscillating chemical gradients. However, breast cancer cells are exposed to several competing
extracellular signals in the TME. Future studies in this area will be two-fold. The first study will
investigate how breast cancer cells respond to competing chemical gradients (e.g., EGF and SDF1α). Prior studies have shown that breast cancer cells have distinct responses to these two
chemoattractants; however, there have been no studies into how the cells respond to competing
gradients. To investigate this, future studies will modify the two-layer microfluidic device to
including additional inlet and outlet channels to created orthogonal chemical gradients to study
cellular decision-making during chemotaxis. The second future study will focus on competing
chemical and stiffness gradients to investigate the interplay between the chemotactic and
durotactic response. This study will focus on 3D printing an open microfluidic device that will
allow for the manipulation of the hydrogel by stenciling or tuning the chemistry to create hydrogel
stiffness gradients. Both of these studies will expand upon the findings from chapter 4 while also
using the same biophysical analysis tools (e.g., FMI, directness) to quantify breast cancer cell
migration.
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APPENDIX. SUPPLEMENTAL MATERIAL FOR CHAPTER 2
Methods A.1. Off-chip single culture experiments
MDA-MB-231 cells were cultured on either tissue culture plastic (TCP) or 0.1mg/mL poly-dlysine coated agarose in 100 mm dishes. For the agarose condition, the 100 mm petri dish was
filled with 15 mL of agarose (total thickness of 2 mm) and treated with poly-d-lysine as described
in the manuscript. For all experiments, 700,000 cells were added to the dish. Cells were imaged
every 24 hours for a total of 72 hours using a Zeiss Primo Vert phase-contrast microscope equipped
with an Axiocam105 color digital camera. All images were further processed in ImageJ (NIH,
USA) software. Cell growth was quantified by calculating the average number of ten images
collected at each time point of the same positions in the dish using a 10x objective. Cell growth
was normalized by dividing the number of cells of each time point by the 0-hour cell numbers.
The equation is:
Normalized cell growth =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑎𝑡 24ℎ/48ℎ/72 ℎ
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 0 ℎ
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Figure A.1. Single culture of MDA-MB-231 and adipose-derived stem cells (ASCs) in the
microfluidic device. (A) MDA-MB-231 cells were cultured in both flow-free channels of the
microfluidic device. The initial cell density was 5x105 cells/mL (B) ASCs were cultured in both
center channels of the microfluidic device. The initial cell density was 1x106 cells/mL. All images
are representative of cell growth across the entire channel and of triplicate experiments.
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Figure A.2. Actin staining of the cytoskeleton of adipose-derived stem cells (ASCs) and MDAMB-231 cells. After 72 h of co-culture in the microfluidic device, both MDA-MB-231 and ASCs
were stained using fluorescently-labeled phalloidin (Alexa Fluor 488) to confirm the structure of
the actin cytoskeleton. Immunostaining was performed at first fixing the cells using 4%
paraformaldehyde in PBS and then permeabilizing the cells using 0.5 %Triton X-100 in PBS and
0.1% BSA in BSA at room temperature. The BSA- Phalloidin solution was incubated in the device
for 6 hours by continuous pumping using a syringe pump at room temperature. For actin
cytoskeleton staining. The fluorescence image was taken using both transmitted light (brightfield)
and FITC filter (green). Both scale bars are 100 µm.
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Figure A.3. The proliferation of MDA-MB-231 cells in single culture and co-culture experiments
and viable cells in co-culture. Proliferation staining of MDA-MB-231 cells in the microfluidic
device using anti Ki-67 antibodies in FITC filter (green color) and DAPI (blue color) for nuclear
staining after three days of (A)single culture (B) Co-culture. Ki-67 was diluted at 1:20 in the 0.1%
BSA solution and incubated in the device for 6 hours by continuous infusion through the media
channel using a syringe pump at room temperature. (C) Viability of MDA-MB-231 cells after three
days of co-culture with ASCs in the microfluidic device. At the end of 72h of co-culture, MDAMB-231 cells were incubated on-chip with 2.5 μM Calcein AM (live, FITC channel, green
fluorescence) and 4 μM Ethidium homodimer-1 (dead, Rhodamine channel, red) in PBS for 2 h.
Both live and dead stains were introduced into the device via flow, at the rate of 15 µL/min, through
the outer media channels at room temperature.
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Figure A.4. Paclitaxel dose optimization for viability on single cultured MDA-MB-231 cells. The
viability of MDA-MB-231 cells was measured after three days of a single culture experiment in
the microfluidic device. Experiments were conducted in duplicate and the statistical differences
between two groups were determined by the student’s t-test with a statistical confidence interval
value set at p<0.05
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Figure A.5. Viability of MDA-MB-231 cells after Paclitaxel treatment. The cell viability was
measured on-chip after 3 days of 20 nM Paclitaxel treatment while incubated for one day in single
cultured and co-cultured experiments. After termination of the experiment, MDA-MB-231 cells
were incubated on-chip with 2.5 μM Calcein AM (live, FITC channel, green fluorescence) and 4
μM Ethidium homodimer-1 (dead, Rhodamine channel, red) in PBS for 2 h. Both live and dead
stains were introduced into the device via flow, at the rate of 15 µL/min, through the outer media
channels at room temperature. (A) Cell viability in single culture experiment (B) co-culture
experiment
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A follow-up study was performed to investigate changes in breast cancer cell genotype due to
FSS exposure. This study involved both on-chip and off-chip in investigating how FSS alters breast
cancer cells. Off-chip studies involved the generation of a unique breast cancer cell line by
sequentially shearing and freezing down ER+ MCF7 breast cancer cells a total of nine times using
high magnitude/low duration shearing. These sequentially sheared cell lines were studied to
investigate the hypothesis that continual exposure to FSS alters cellular proliferation, protein
expression, and activation of the stress response pathway. All nine cell lines (one for each shearing
event) were studied using PCR and Western Blots to show a loss in ER expression, an increase in
FSCN1 expression, and an increase in p38 phosphorylation in the serially sheared cells. The
serially sheared cells were also found to exhibit an enhanced migratory response when compared
to the non-sheared counterparts. These findings support the hypothesis that exposure to FSS results
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in mutation coupled with an enhanced DNA damage response. This change in DNA damage
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sheared cells and (2) on-chip immunostaining of cells in the microfluidic device. We use the
phosphorylation of the ataxia telangiectasia and Rad3-related (ATR) protein as a metric of an
increased DNA damage response. The Western blot analysis of the serially sheared cells showed
a significant increase in ATR phosphorylation. On-chip studies were performed by exposing nonsheared MCF7 to low magnitude/high duration FSS to investigate if the observed changes in pATR
by Western Blot were due to the magnitude and duration of FSS using a microfluidic device
previously described by Landwehr and colleagues.75 In both ERα (+) MCF-7 cells and ERα (-)
MDA-MB-231 metastatic cells were exposed to 5 dynes/cm2 FSS for 60 min, followed by on-chip
immunostaining and visualization of ATR phosphorylation. Both cell lines exhibited an increase
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Manibarathi Vaithiyanathan and Adam T. Melvin. International Journal of Molecular Sciences
19:2731 (2018)
This review paper highlights the current and future progress of microfluidic methods for rapid
and cheap diagnosis of disease, including single-cell analysis technologies for drug development.
Fundamental knowledge of cellular nature, specifically the biophysical properties of cells, the
intercellular contact between cells, depends on the successful diagnosis of cancer. The review
article explored how new microfluidic technologies have been using to characterize fundamental
intercellular behavior, tumor heterogeneity, and cell migration in the 3D microenvironment.
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